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Since both the geologist and the chemist are confronted by the 
problems involved in determining the composition of petroleum 
and the changes to which it has been subjected in its apparent 
evolution from great masses of organic remains in earlier pe- 


riods of the earth’s history, they must be co-laborers in their 
endeavors to reveal the occult processes of nature whereby were 
evolved these hydrocarbons, which contribute so generously to 
the comfort and luxury of modern life. Laboratory research 
on the composition of petroleum has about reached its limit, by 
reason of the restricted quantity of oil that can be manipulated 
and the small amounts of distillates that remain after long series 
of separations. While it is much to be regretted that investiga- 
tions on an adequate scale were not undertaken in the earlier 
commercial development of the petroleum industry, there is yet 
time, before certain oil territory is exhausted, to erect a plant for 
research on the plan of a small refinery. Then, no doubt, from 
several hundred barrels of crude oil distillates may be collected 
that escape observation when only several gallons can be dis- 

1 The subject-matter of this paper was in substance presented informally, 
by invitation, to the petroleum geologists of the United States Geological 


Survey at a meeting of the Petroleum Club, on December 7, 1915, and the 
officers of the Survey kindly suggested its publication. 
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tilled. This would seem to have been the part of wisdom from 
an economic point of view, but the pecuniary returns from the 
exploitation of this great storehouse of nature have evidently 
been so unprecedented that it has not been necessary to practice 
the close economy essential in most branches of manufacture. 
Certain well-defined conclusions with respect to the genesis of 
petroleum are supported by observation and by experimental evi- 
dence. However, in laboratory investigations on the origin of 
petroleum, natural conditions such as long periods of time and 
enormous rock pressures, aided no doubt by moderate elevation 
in temperatures, cannot be reproduced, and certain limitations are 
therefore imposed on the conclusions that may be drawn from 
such studies. Thus it is quite probable that under great pres- 
sures the petroleum hydrocarbons would stand moderately high 
temperatures, especially with exclusion of air. There can be no 
doubt, however, that they are unable to withstand intense heat 
under any conditions, and the bearing of this fact on the theory 
that they have been formed by inorganic agencies and have risen 
as volcanic exhalations cannot be overlooked. The experimental 
data pro and con bearing on the formation of petroleum by inor- 
ganic agencies from carbides has been fully set forth by Engler 
in “Das Erdol,” and it would seem hardly necessary to refer in 
this connection to this theory were it not that some geologists 
still see no other possible beginning for petroleum. The sug- 
gestion that petroleum hydrocarbons were formed from inorganic 
material in the interior of the earth is based solely on the assump- 
tion that by the action of water on metallic carbides, acetylene 
is generated from which by the influence of catalytic agents more 
complex hydrocarbons are formed. Elaborate researches have 
demonstrated that hydrocarbons of a part of the series contained 
in petroleum may be built up experimentally from acetylene, but 
these is no evidence that carbides form a part of the earth’s in- 
terior, and the presence of catalytic metals is doubtful, although 
certain catalytic oxides are quite probably present there as else- 
where. But assuming that hydrocarbons were formed in this 
manner, their outward transference to the surface layers of the 
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earth’s crust must have depended on the convulsive assistance of 
volcanic agencies, with the consequent intense heat, which no 
hydrocarbons can withstand. Some petroleum contains even less 
stable constituents, which limit more closely the temperatures to 
which the petroleum can have been exposed at any time in its 
history, obscure and complicated as this may be. Whichever 
seems to the geologist most probable, the upward push of the 
great masses of oil from the far interior through fissures or open 
chasms into sand or limestone beds already provided with im- 
pervious roofs of shale, or the quiet evolution from organic re- 
mains under conditions of pressure and subsequent storage in 
sandstones or limestones and accompanying shales, the conditions 
of temperature cannot be disregarded. 

Another fact shouid be kept in view; the nitrogen derivatives 
of the hydrocarbons, which most if not all petroleums contain, 
can have originated only from an organic source; they could not 
have been synthesized from inorganic elements. If it were ad- 
mitted that the hydrocarbons themselves were built up by elab- 
orate and consecutive catalytic processes, a mixture with organic 
matter would still have to be postulated to account for the nitrogen 
derivatives. It would have to be assumed that as these bodies 
were formed, the great masses of petroleum as it issued forth 
poured over them and dissolved them. Since some varieties of 
petroleum contain as much as ten to twenty per cent. of these 
nitrogen compounds, it is not easy to understand the possibility 
of such a solution especially as deposits of nitrogenous organic 
matter would be required in nearly every petroleum area. The 
question as to whether the nitrogen derivatives are present in all 
varieties of petroleum I now have under experimental study. 
But these attempts to bolster up an untenable theory based on 
improbable assumptions seem superfluous when there is conclu- 
sive evidence at hand of the organic origin of the petroleum in 
several of the great petroleum fields. In the California field, 
for example, formations which originally contained sufficient 
organic remains to account for the origin of all the oil in that 
region have been systematically surveyed. Similarly, in the 
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Trenton limestone reservoir of Ohio and Indiana the petrofeum 
had a possible origin in the organic matter of the shell life that 
formed the limestone. 

In the earlier period of the exploitation of petroleum territory 
no genetic connection was admitted between the beds of coal and 
the deposits of petroleum; but more extended observations on the 
nature and composition of both the coal and the petroleum have 
demonstrated a closer relationship. David White? of the United 
States Geological Survey has comprehensively reviewed in a 
recent paper the accumulated data, collected to a large extent by 
the labors of his co-workers in the Survey, which relate to the 
common origin of coal and petroleum and more specifically to the 
apparent evolution of heavy carbonaceous material, which, by 
subsequent change, was separated into the lighter hydrocarbons 
of petroleum and the heavier portions which now form the dif- 
ferent grades of coal. In this paper a striking relation is brought 
out between the carbon content of the coal in various areas and 
the density of the petroleum from the same fields, the latter 
factor being an index of the chemical composition of the hydro- 
carbons of which the several grades of petroleum are composed. 
This is shown below in the brief review of the hydrocarbon series 
that enter into the composition of petroleum. 

The earlier geologists, Orton, Hunt, Lesley and others who gave 
particular attention to the origin of petroleum, were restricted by 
the limited information then available concerning its composition. 
Notwithstanding what has since been learned not only of the 
principal series of hydrocarbons, but also of constituents present 
in smaller proportions, there is still need of chemical research on 
an adequate scale to compare accurately the constituents of the 
widely different oils from the several fields. This knowledge is 
also of practical importance to refiners of petroleum; all com- 
mercial products must be separated on the basis of their compo- 
sition, for this determines the gravity of the distillates on which 
the “still man” depends in making his cuts. Refiners of heavy 


2 White, David, “Some Relations in Origin between Coal and Petroleum,” 
Jour. Wash. Acad. Sci., Vol. 6, No. 6, Mar. 19, 1915. 
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petroleum have found that they obtain the best distillates for 
lubricants by depending on the proper series of hydrocarbons. 

A brief statement of the composition of petroleum so far as it 
has been determined may be convenient to geologists, especially 
to those who have in hand a study of the relations which the dif- 
ferent varieties bear to various coals and oil shales, as so fully set 
forth in the paper by Dr. White alluded to above. The earlier 
suggestions to classify petroleum on the basis of its superficial 
qualities, made before its composition was well understood, are 
still pertinent, although in the light of further knowledge it is 
now necessary to define more closely the varying characteristics 
of the oils of the different fields. So far as known there is no 
petroleum that is entirely lacking in all the constituents of other 
varieties. For example, the series CnHon:2, which makes up 
much the larger part of the lighter crudes such as those of Penn- 
sylvania, is completely wanting in the heavy crudes of Texas and 
California, but the series CnHon-. is common to both. The cyclo- 
hydrocarbons, of which Russian petroleum is largely composed, 
appear in much smaller proportions in the Pennsylvania oil, but 
some of these bodies appear to be present in all petroleum. The 
aromatic hydrocarbons (benzene, CyH,, and its homologues, 
toluene, C;H;CHs, the xylenes, C,H,(CH,)>., mesitylene, C,H,- 
(CH;)3, naphthalene, C,)>Hx, and others) which make up a con- 
siderable part of some California varieties, are present in only 
comparatively minute proportions in Pennsylvania and similar 
crudes, yet they have been recognized in practically all varieties. 
The lighter crudes contain little or no sulphur; those of greater 
density for the most part contain it, some in large proportion. 
Variations in the proportion of sulphur induce rather sharp 
changes in the properties of the crude oils and products prepared 
from them. 

So far as the composition of petroleum has been investigated, 
it is made up principally of a few series of hydrocarbons, which 
differ only in the proportion of hydrogen to carbon, and may be 
represented by general formulas. The first series may be repre- 
sented by the formula C»Hon.., for any hydrocarbon of this series 
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contains two more in number of hydrogen atoms than of carbon 
atoms; and since all of the affinities of the carbon atoms are 
satisfied by hydrogen atoms, this series is often referred to as the 
saturated series. The first member of this series is marsh gas, 
CH,, the principal constituent of natural gas, and the series is 
therefore specifically known as the marsh gas series; or, since the 
higher members are the hydrocarbons forming natural paraffine, 
the series is often referred to as the paraffine series and its prod- 
ucts in the trade as paraffine oils. It is an homologous series 
beginning with marsh gas and continuing consecutively up as 
high as C;;H7., the highest of the solid paraffine hydrocarbons. 
The lightest gasoline or naphtha is composed of the very volatile 
hydrocarbons, butane, C,H,o, the pentanes, C;H,., and the hex- 
anes, C,H,4, with smaller amounts of a different hydrocarbon 
series known as the naphtenes and represented by the general 
formula CxHyn. Gasoline made up of these hydrocarbons is 
generally referred to in the trade as 88 or 92 degree ‘gasoline; it 
is collected with difficulty except in winter weather. The heavier 
naphthas or gasolines are composed chiefly of the hydrocarbons 
C,H,, and C.H,s, the lighter end carrying some hexane, and the 
heavier end some nonane, CyH.9; these hydrocarbons make up 
the products of gravity 62 and 72 degrees Baumé. Next comes 
burning oil or kerosene, gravity 45 degrees, which is composed 
mainly of the hydrocarbons from nonane, CyH.o, up to C,sH¢s, 
provided the distillation has been carried on without cracking. 
Above this point the hydrocarbons soon begin to solidify and 
form solid paraffine of the same composition, C»Hyn... This 
continuous series of hydrocarbons forms the great body of the 
Berea Grit petroleum and the lighter petroleum occurring in 
Pennsylvania, West Virginia, Oklahoma, and in some territory 
of less extent in Kansas and Illinois. In smaller proportion it 
forms the Trenton and Corniferous limestone petroleum. It 
does not appear in the heavy Texas, California, or Mexican 
crudes, nor to any considerable extent in Russian crude. The 
hydrocarbons of this series are the most stable of all those con- 
tained in petroleum; the larger percentage of hydrogen renders 
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them the greatest producers of heat energy. They are lacking 
in viscosity, however, and consequently are of no value in lubri- 
cation. They are not readily acted on by reagents, hence may be 
refined by agitating with sulphuric acid, which removes the de- 
composition products of distillation, the sulphur and nitrogen 
compounds, and certain other constituents present in smaller 
amounts. The higher members decompose to some extent in 
ordinary distillation and by superheating even the lower members 
may be cracked, but the reverse change except by synthesis is not 
possible. Except for lubrication, the hydrocarbons of this series 
are the most useful of any in petroleum, their value being repre- 
sented by the market quotations which are always higher for 
Pennsylvania petroleum. 

The two series of hydrocarbons of the general symbol CuH4n 
include the ethylene or open chain series, and the cyclic or closed 
chain series, the latter, perhaps, the most widely distributed of 
all the petroleum hydrocarbons. The ethylene series was for- 
merly supposed to form a large part of petroleum, but it is now 
known that these hydrocarbons are contained in only small pro- 
portions. The other group of the symbol CaHsx are generally 
called naphtenes, the name suggested for them by their discoverer, 
Markownikow, in Russian petroleum. 

They are also termed hexa-hydro-aromatic hydrocarbons, for 
they may readily be made from the aromatic hydrocarbons 
CnHon-, by the addition of hydrogen. For example, benzene, 
C,Hg, readily combines with six extra atoms of hydrogen to form 
C.gH,., which is variously named hexahydrobenzene, hexanaph- 
tene, or hexamethylene. These bodies form the principal part of 
Russian petroleum, where they are associated with smaller 
amounts of the lower members of the paraffine series. In Penn- 
sylvania petroleum, a long series of these cyclohydrocarbons have 
been identified, extending from the lower members up through 
the heavier oils which, with the series CuH.n-., form the light 
lubricants. Trenton and Corniferous limestone petroleum con- 
tain larger proportions of the heavier naphtenes. 

Less is known concerning the hydrocarbons of the next lower 
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series, CnH5n-; they are a part of the light lubricants of the Penn- 
sylvania, as well as of the Trenton oils. All the varieties of 
heavy petroleum contain these hydrocarbons. They form durable 
lubricants of rather low viscosity. 

Still less is known concerning hydrocarbons of the next lower 
series, CnHno-y, except that they form the best lubricants that can 
be separated from petroleum by distillation; in fact they mark 
the upper limit at which hydrocarbons can be converted into vapor 
without falling apart. Their distillation must be conducted with 
the utmost care to avoid decomposition, but when properly refined 
they form the most durable lubricants, and are characterized by 
extremely high viscosity. By regulating distillation so that the 
cuts may be suitable mixtures of the last three series mentioned, 
the refiner has complete control of a wide range of viscosity. 
Hydrocarbons of the series CnH yn, are present in Pennsylvania 
petroleum only in small proportions if at all, but they constitute 
the main body of the heavy lubricants from the Texas, California 
and other similar heavy crudes. They seem to be the last series 
that can be distilled without decomposition, even with exclusion 
of air, but there are, no doubt, hydrocarbons still poorer in hy- 
drogen that cannot be distilled. These approach the asphalts in 
composition and-are easily converted into heavier asphaltic forms. 
They are the least stable of all the hydrocarbons; they readily 
lose more hydrogen, especially when heated ia contact with air, 
and gradually approach carbonization. They impart the heavy 
quality to those varieties of petroleum that are commonly said to 
have an asphalt base, in contradistinction with the lighter paraf- 
fine-bearing varieties that are known as paraffine base petroleums 
Although the use of these terms is well understood by the pros- 
pector and refiner, they really have no meaning; the distinction 
might as well be between paraffine petroleum and asphaltic 
petroleum. 

There is a regular falling off in stability as hydrogen decreases, 
from the series CnHon,. to the asphaltic residuums. However, 
hydrogen is given up more or less readily by all hydrocarbons in 
contact with air; even the gasolines soon show color during dis- 
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tillation, and the constituents with higher boiling points more 
readily become dark and thick. On account of this tendency at 
high temperatures to lose hydrogen, even the lighter hydrocarbons 
in varieties of petroleum that contain no asphaltic members are 
converted, during distillation as ordinarily conducted in the re- 
finery, into the heavier forms that compose the residuums and 
asphaltic tars. In some crude oils, such for example as the Rus- 
sian, which is composed largely of the naphtenes, the sudden in- 
flow of air into the hot vapor during distillation in vacuum causes 
a violent explosion. Every hydrocarbon has its limit of stability, 
beyond which it falls apart under definite conditions of tempera- 
ture and pressure. Advantage is taken of this property in the 
various attempts to convert economically the heavy hydrocarbons 
of less value into lighter motor oils, the disintegration being sys- 
tematically controlled by regulating the temperature and pressure. 
The composition of the residuum and tars thus no doubt depends 
on the conditions of distillation. In unpurified distillates some 
decomposition cannot be prevented, for certain reactions must 
take place between the constituents of the crude oil and the oxy- 
gen, sulphur and nitrogen compounds, and the unstable hydrocar- 
bons low in hydrogen cannot remain intact even when heated 
only to the points of distillation of the more volatile members. 
These changes are independent of systematic decompositions by 
cracking to convert the heavy into lighter products. 

The most important constituent of petroleum next to the hydro- 
carbons is sulphur, which, with reference to the preparation of 
commercial products, may be regarded as an impurity to be gotten 
rid of. It interferes with desirable qualities of refined oils, and 
has no useful qualities of its own whether in the elemental form 
or in combination with a hydrocarbon, except perhaps as a con- 
stituent of asphalts and asphaltic residues. In order to remove 
the sulphur the details of refining have to be modified, especially 
for burning-oil distillates. There are few varieties of petroleum 
that are entirely free from sulphur; the lighter Pennsylvania, 
West Virginia and Berea Grit crudes are essentially free from it, 
but other paraffine crudes such as that of the Trenton limestone 
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contain it in considerable amounts. The advent of sulphur into 
the petroleum industry dates from the discovery and development 
of the Ohio Trenton oil field in the middle eighties. With few 
exceptions heavy crudes are sulphur oils, some of them having 
large percentages of sulphur. In the petroleum of most fields the 
sulphur is all combined, but in a few fields the sulphur is found in 
the free state in the crude oil. Thus, in the Texas crude, part is 
free and part combined, or at least this was the condition in the 
earlier history of this field. In the Trenton limestone oil the 
sulphur is all combined and is present in somewhat variable 
amounts below 0.5 per cent. The same is true of the Corni- 
ferous limestone petroleum, which, however, contains more of 
the heavy hydrocarbons. Texas and Louisiana crudes contain 
much larger proportions of sulphur, although it appears that the 
percentage has been diminishing as the outflow has increased, and 
no doubt there is considerable variation in different sections. In its 
early days, the ““ Humble” crude was one of the most: pronounced 
sulphur bearing oils known, containing 2.75 per cent. of sulphur, 
partly combined and partly free. The proportion of free sulphur 
approached the maximum that crude oil can hold in solution; 
consequently sulphur frequently separated out during transporta- 
tion. The oil itself was often saturated with hydrogen sulphide, 
which was doubtless formed by reaction between the free sulphur 
and the hydrogen of the oil. The exceptional amount of sulphur 
in this petroleum was doubtless due to its occurrence near a sul- 
phur deposit. 

Although sulphur is an objectionable element in petroleum 
from a commercial point of view, it is interesting to the geologist 
as well as the chemist in that it appears to have an important 
bearing on the origin of the heavy varieties. The readiness with 
which hydric sulphide is evolved when the heavier portions of 
petroleum are heated with sulphur has long been known. Iam at 
present occupied with a closer study of the chemical changes in- 
volved when individual hydrocarbons are exposed to prolonged 
heating with sulphur. As mentioned above, in most petroleum 
sulphur is present only in combination, and the general form of 
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its compounds is represented by the formula CxHonS, to which 
has been assigned the name thiophane. The symbol of the ten 
carbon compound for example is C, 9H S. Several of these 
bodies have been identified, but their structure has not yet been 
determined. Whether they are straight chain or ring compounds 
does not yet appear, although it seems probable that they are 
some form of closed chain hydrocarbons, perhaps with sulphur 
as the connecting atom. Distillation on a large scale is needed 
to obtain sufficient of the individual derivatives for identification. 
The sulphur compounds are extremely unstable in contact with 
air, giving off hydrogen sulphide, though in vacuo they may be 
distilled indefinitely without decomposition. 

The presence of nitrogen derivatives in petroleum has long been 
known, but their structure is not yet fully understood. A larger 
quantity of the nitrogen-containing oil than has yet been avail- 
able is needed for their complete identification. Pyridine and its 
homologues have been reported as present in European petroleum, 
but an examination of crude oil from the principal fields in this 
country, and from Baku in Russia, indicates that the nitrogen 
derivatives are quite different from pyridine; their odor is so 
marked and so unlike that of other well-known nitrogen bases 
that it is not difficult to recognize them. Qualitatively these sub- 
stances are easily extracted by prolonged agitation with dilute 
hydrochloric acid and precipitation with sodium hydroxide, and 
after extraction with e.her evaporation leaves the pungent smell- 
ing oil. This method, however, cannot be depended on for quan- 
titative estimation. I recently examined a number of crude oils 
for nitrogen bases and obtained the largest amount in Baku oil. 
California petroleum was not included in these tests, for I already 
had a quantity that was separated in refining heavy distillates by 
Peckham and Salathé twenty-six years ago. The examination I 
made then, in as careful a study as the amount of product permit- 
ted, indicated a mixture of bases corresponding to derivatives of 
tetrahydrochinoline, C)H,,N. The presence of these nitrogen 
bases in petroleum, as already.mentioned, has an important bear- 
ing On its origin. 
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Oxygen derivatives of the hydrocarbons are common in pe- 
troleum, mostly in the form of naphtene carboxyl acids, such for 
example as C,H,,COOH. Many of these have been identified, 
especially in Russian crude oil. They are contained for the most 
part in the heavier portions, and no doubt account for the ready 
formation of emulsions in refining lubricant distillates with caustic 
soda. The most difficult task of the refiner is to avoid the small- 
est excess of caustic, for no fixed rule can be followed in different 
treatments, and titration of the acid oil is only approximately 
safe; it is always a matter of “cut and try ” and close observation. 
There is unavoidably some loss of distillate during treatment in the 
formation of a slimy emulsion that must be drawn out to waste, 
doubtless due, at least in part, to the intense emulsifying nature 
of the sodium salts of the naphtene acids. Hydroxyl derivatives 
of a phenol nature, such as C,H;OH, have been detected in a few 
instances, notably in California petroleum, but these bodies are 
not so cormmon as the acids. 

The intimate geologic relations of petroleum to the different 
varieties of coal is ‘fully set forth in the paper by Dr. White 
alluded to above. Since certain coals have recently been shown 
to yield on distillation some of the hydrocarbons that have been 
identified in petroleum, it is probable, that more extended investi- 
gations on the composition of the volatile constituents of the 
various grades of coal will show a still closer connection. I have 
in hand awaiting examination a series of distillates separated 
from Ohio bituminous coal; the coal was first distilled in vacuo 
in an electric still, and then subjected to prolonged fractionation 
under reduced pressure. 

The carbonaceous material in certain shales has long been the 
basis of the manufacture on a large scale of hydrocarbons and 
ammonia; and though little has as yet been done toward utili- 
zation of the shales in this country, I am informed that the work 
now in progress by the U. S. Geological Survey is leading to inter- 
esting results which should have great economic value. 

The close resemblance between the hydrocarbons of the asphalts 
and the less volatile constituents of petroleum suggests an inti- 
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mate connection in origin, especially as most of the large deposits 
of asphalt are in close proximity to petroleum bearing areas. 
Most asphalts contain considerable sulphur, which has doubtless 
assisted in the conversion of lighter petroleum hydrocarbons into 
the asphaltic constituents. The western group of asphalts, com- 
prising the types that have been variously named Gilsonite, Gra- 
hamite, Wurtzelite, Unitahite, etc., are of extreme interest as 
representing a closer relationship to petroleum than do other 
varieties, for they yield on distillation the larger part of their 
weight as volatile hydrocarbons. In the distillation of Gilsonite 
in vacuo up to 300 degrees, I found that 56 per cent. of its weight 
came over with little decomposition; and W. C. Day had previ- 
ously obtained approximately the same amount by ordinary dis- 
tillation in the presence of air.* The distillates that I obtained 
have been fractionated to 2 degrees, and await further examina- 
tion. The lower fractions have the same odor cf nitrogen com- 
pounds that I have found characteristic of those separated from 
petroleum. By analysis the first Gilsonite distillate appeared to 
be a nearly pure mixture of hydrocarbons, containing only 0.02 
per cent. of sulphur and less than one per cent. of nitrogen. 

As already mentioned the questions of especial interest concern- 
ing petroleum, both from a geological and chemical point of view, 
have reference to its primal-origin and its subsequent changes in 
composition, during its migration to and storage in the immense 
reservoirs that are producing so profusely for the present genera- 
tions. This era may well be termed the age of coal, iron, and 
petroleum. In view of geological and chemical observations it 
is logical to attribute petroleum to organic sources, and this hy- 
pothesis accords with the great scheme of natural phenomena, 
which proceeds quietly and surely. Convulsive operations are 
exceptional and secondary, and are due to an equalization of ex- 
cessive forces to restore equilibrium. So with natural chemical 
change; the influence of chemical attraction, exerted mainly 
under moderate temperatures through long periods of time, is the 
history of world building. It is true that with the wide range of 


3 Day, W. C., Journal Franklin Institute, 1895. 
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temperatures at our disposal, and the great variety of combina- 
tions of the chemical elements, an almost infinite variety of chem- 
ical synthesis and change is possible in the laboratory. It is 
hazardous, however, to draw from synthetic laboratory observa- 
tions far reaching conclusions as to what has gone on in the work- 
shop of nature. 

Practically all carbon compounds were synthesized from carbon 
dioxide under the influence of the life principle. First came 
vegetable, then animal growth, the final stage in the evolutionary 
process being man with his attribute of reason. And when the 
task of each order is completed, plant food for animals, plant 
and animal food for man, and the performance by man of his 
highest functional duty, then by the operation of the universal 
law, synthetic changes cease and all organic forms descend to 
lower orders. Under the free influence of oxygen, the final prod- 
ucts of disintegration of living matter are the carbon dioxide and 
ammonia whence it came. But in the supreme plan of nature, 
the complete decay of certain forms of organic life was arrested 
at definite stages by the intervention of other natural processes, 
whereby the action of oxygen was restricted or completely ex- 
cluded. To these processes are due the preservation of the carbon 
compounds that compose the coals, the organic shales, the as- 
phalts, and petroleum, ‘for these compounds represent merely an 
arrested stage in the downward course of decay. 

Such an origin is not difficult of comprehension, but the subse- 
quent transformations that led to the differentiation of the several 
types of petroleum are not so readily understood. Why, for ex- 
ample, are the lighter varieties, of which Pennsylvania petroleum 
is the type, so different in composition, in quality, and in refined 
products from the heavier varieties such as those from the Texas 
fields? Which are to be regarded as the original petroleum, the 
primary decomposition product from organic remains? Were 
those remains of vegetable or animal origin? Were the different 
kinds of petroleum produced substantially where they are now 
found, or have they been transferred from their original habitat 
by distillation or upheaval, or by filtration, or lateral migration, 
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to other levels or other areas? Why is sulphur so common in the 
heavier varieties, and absent from the lighter? Few questions 
relating to the genesis of our natural resources have received 
such profound attention, and some of them may confidently be 
answered, at least in part, by the consensus of opinion of our 
most reliable authorities. 

The differentiation of the varieties of petroleum appears to 
have been due to varied geologic conditions of rock pressure, with 
concomitant variations in temperature. The Trenton limestone 
petroleum appears to have been formed under conditions of great 
pressure and increased temperature, from the softer parts of the 
shell life that gave rise to the limestone itself, after the deposition 
and hardening of an impervious shale cover which retained the 
oil and gaseous hydrocarbons. By contact with sulphur the con- 
stituent hydrocarbons in part formed sulphur derivatives, and this 
abstraction of hydrogen caused the oil to become heavier. 

The heavier oils of Texas and California were evidently formed 
under similar conditions, but were exposed to less rigorous pres- 
sures and lower temperatures, and consequently lack the lighter 
liquid and gaseous hydrocarbons. The heavy and asphaltic na- 
ture of these oils was doubtless later intensified by the chemical 
action of sulphur, with the formation of sulphur derivatives and 
with consequent further removal of hydrogen. 

The petroleum of the Appalachian fields must have been 
formed under conditions of temperature and pressure similar to 
those which controlled the formation of the Trenton oil, but it is 
doubtless derived from organic remains of a different character. 
The abundance of plant remains in the strata, some of which are 
disseminated and some segregated as beds of coal, indicate that 
this petroleum is derived from vegetable rather than animal mat- 
ter. Since the decomposition of this material there have been 
many periods of deposition, elevation, and folding accompanied 
by rise in temperature, and probably leading to the migration of 
the hydrocarbons from one stratum to another. These conditions 
acting during a long period of time have combined to produce a 
petroleum of extreme purity, unlike the product of any other 
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field. Appalachian petroleum is characterized by a very large 
proportion of light paraffine homologues, absence of the heavy 
asphaltic series, freedom from sulphur, and by a low percentage 
of oxygen and nitrogen compounds. This petroleum could never 
have come in contact with sulphur, for sulphur invariably attacks 
all but the gaseous hydrocarbons. That the Appalachian petro- 
leum originated in this way, rather than through volcanic up- 
heaval or by transference from the interior of the earth, is the 
belief of the oil men who have been familiar with these fields 
since the beginning of the oil industry; they can understand no 
other possibility. 

Accepting this view, which I think may be stated as perhaps 
beyond question, the genesis of petroleum is clear. Assuming 
the complex constituents of organic remains as the source, the 
quality of a petroleum depends chiefly on the conditions of pres- 
sure and temperature under which it was generated, and on chem- 
ical changes due to the contemporaneous or subsequent contact 
with sulphur. It has been suggested that the sulphur in petroleum 
came from animal organisms; it is possible that a small amount 
from this source may have found its way into the oil, but it 
seems more reasonable to suppose that for the most part it is 
derived from extraneous sources. Sulphates in groundwater are 
readily reduced by organic matter to hydrogen sulphide and to 
sulphur itself, and this reaction may go on wherever reducing 
conditions favor. The solution of sulphur is immediate when- 
ever it comes in contact with the heavier hydrocarbons of pe- 
troleum. 

The nitrogen compounds in petroleum may have had either a 
vegetable or an animal origin, but probably the latter. If they 
were once in petroleum it is not easy to see why they should not 
always remain in it. There is still some question as to the pres- 
ence of nitrogen compounds in Pennsylvania petroleum. Beilby 
found 0.37 per cent. of nitrogen in coke, and by calculation in- 
ferred the presence of 0.008 per cent. in the oil itself, but there is 
as yet no method by which so small a proportion of nitrogen cam 
be directly determined. I am at present occupied with attempts 
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to eliminate the sources of error that interfere with the reliable 
determination of small amounts of nitrogen. 

Oils of the Pennsylvania type afford the best example of mi- 
gration transverse to the strata and lodgment at different well- 
recognized levels. It is reasonable to suppose that filtration dur- 
ing this migration has been an important element in the separa- 
tion of the light from the heavier varieties of petroleum, as 
suggested by the interesting experiments of Dr. David T. Day 
on the separation of light and heavy oils by filtration through 
Fuller’s earth. Pennsylvania petroleum may be regarded as hav- 
ing a normal composition controlled directly by the character of 
the organic material from which it is derived; the heavier vari- 
eties of other fields must have undergone secondary changes 
which converted the normal hydrocarbons into the denser and 
more asphaltic series. 


Case ScHoot or APPLIED SCIENCE, 
CLEVELAND, OHIO, 
January 13, 1916. 
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THE MINERALIZATION AT CLIFTON-MORENCI. 
Louis E. Reser, Jr. 


SCOPE OF PAPER. 


This paper presents a study of the mineralization associated 
with the intrusive stock to which are attributed the ore-deposits 
of the Clifton-Morenci district. From detailed microscopic and 
field study results are brought out bearing on the nature of the 
various phases of mineralization or rock alteration, and particu- 
larly on their mutual relationship and relation to the igneous in- 
trusive. Contact alteration is contrasted with hydrothermal alter- 
ation, and the two types of hydrothermal alteration, sericitiza- 
tion and propylitization, are compared; lastly evidences bearing 
on the source of solutions effecting the mineralization are dis- 
cussed and interpreted. 


SOURCES OF MATERIAL. 


The writer spent four months in the Clifton-Morenci district 
in the summer of 1915, and during the following winter some 
time was devoted to the study of a very comprehensive suite of 
specimens there collected, including numerous thin and polished 
sections of this material. 

The Professional Paper by Lindgren! which appeared in 1905 
includes practically all the published results of geological study 
of this district. This work necessarily forms a starting point 

1U. S. G. S. Prof. Paper 43. 
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for any later investigation. The general descriptive and ex- 
planatory matter here summarized is to be found in more detail 
in that paper. 

At the time Lindgren completed his work on the Clifton-Mo- 
renci district it would have been difficult to add anything to that 
detailed and exhaustive study. Since then, however, a large 
amount of development work has been done in the mines; also 
the results of investigations in other districts have suggested new 
possibilities in regard to the relations which may exist between 
the processes of magmatic differentiation, ore-deposition, and 
rock-alteration. Therefore it is believed that further study of 
this relationship as exemplified in the Clifton-Morenci district is 
warranted. 

GENERAL GEOLOGY. 

The Clifton-Morenci district lies in the southern part of Green- 
lee county in southeastern Arizona, close to the New Mexico 
line and about 150 miles north of the international boundary. It 
belongs to that group of districts to which in recent years the 
name “porphyry copper camps” has been popularly applied. 
Like many geological terms which come into vogue in mining 
circles, this term has a somewhat indefinite meaning. At Morenci, 
however, it has a more exact significance than in certain other 
localities. That is to say: the bulk of the ore minerals occur in 
disseminated particles or veinlets in porphyry, though usually as- 
sociated with some larger veins; and the ore-bodies owe their 
commercial value to chalcocitization by the processes of second- 
ary enrichment. 

The country rocks of the region are pre-Cambrian granite, 
Paleozoic and Cretaceous sediments, and the younger intrusives. 
Fig. 28 is a geological map showing the areal distribution, and 
Fig. 29 is a columnar section showing diagrammatically the thick- 
ness and sequence of the various formations. 

The Paleozoic system which is apparently comformable 
throughout, is separated from the underlying pre-Cambrian 
granite by a great unconformity. It comprises about 200 feet 
of sandstone or quartzite of Cambrian age, 380 feet of Cambro- 
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Ordovician limestone, 175 feet of impure limestone and calcare- 
ous shale which is believed to be of Devonian age, arid 170 feet 
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Fic. 28. Generalized Geologic Map of the Clifton Quadrangle. 


of Mississippian limestone. At the top of this series is an im- 
portant erosional disconformity, though there is slight structural 
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unconformity between this system and the overlying formation. 
A banded shale and sandstone formation of early Cretaceous age 
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Fic. 29. Columnar Section for the Clifton Morenci District. 


thickness of 175 feet of this has been preserved below the present 
is the sole representative of the Mesozoic system. A maximum 
erosion surface. 

The sediments and underlying pre-Cambrian granite have been 
intruded by a mass of granite-monzonite-diorite porphyry which 
is exposed over an area extending about seven miles in a north- 
east south-west direction. The rock is granite porphyry in the 
northeast and diorite porphyry in the southwest, with a monzo- 
nitic phase intermediate. Associated with the intermediate or 
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monzonitic phase of the porphyry is a dark rock which has been 
found in several mines, but not extensively on the surface. It 
was not exposed when Lindgren was in the district, and Tovote* 
refers to it as diabase, as tiny apatite needles sometimes give it a 
diabasic appearance. Microscopic study has shown this dark ma- 
terial to include two rock types: one, composed largely of finely 
felted green mica, pyrite, and apatite, believed to represent a basic 
segregation in the porphyry (fig. 3) is minutely intruded by the 
other, a quartz-orthoclase-micropegmatite (fig. 7), the dark ap- 
pearance of which is due to an unusual brown pigment in the 
feldspar. 

The main intrusive mass is classed as a stock, though some 
laccolithic bodies extend to the southwest. The intrusion of 
this porphyry stock is held responsible for the origin of the min- 
eralizing solutions instrumental in forming the copper ores. 

Outside the main mass of porphyry are numerous dikes of the 
same material, disposed more or less radially. With these dikes 
there are a few diabasic ones which are known to cut the por- 
phyry, though they probably belong to the same general period of 
intrusion. 

Some time after the intrusion of the diabase and before the 
great outpouring of the late Tertiary volcanics, which cap the 
hills of the outlying districts, the area was affected by important 
normal faulting which has profoundly influenced the topography 
and structure of the district. 

The pre-Cambrian granite, the Paleozoic and Cretaceous sedi- 
ments, the porphyry, and the diabase, have all been affected by 
the mineralizing solutions to a greater or less extent. The im- 
portant ore-bodies of the early days of the district were found in 
the Paleozoic sediments, while at the present time it is the dis- 
seminated ore in the porphyry which is significant. In 1914, 
97 per cent. of the ore mined by one of the larger companies 
was concentrating ore from the porphyry which averaged 2.8 
per cent. copper. 


1a Min. and Sci. Press Vol. 101, p. 777, 1910. 
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MINERALIZATION. 


The term mineralization is somewhat indefinite and has been 
subject to varied usage. Probably the most logical conception 
of its meaning is the development of secondary minerals in which 
an important factor is the contribution of material from a source 
independent of the mineralized rocks. This does not come very 
far from limiting it to the work of heated solutions. In this 
paper the term mineralization will be used exclusively to refer to 
the vein filling, and hydrothermal alteration or other metaso- 
matic changes accomplished by the heated solutions associated 
with the porphyry. Thus the rock alteration for which the por- 
phyry intrusive is responsible is a phase of this mineralization. 
The distinction between the definition here chosen and another 
equally justified by usage which limits mineralization to the de- 
velopment of ore minerals, notably sulphides, should be kept in 
mind. 

In connection with the study of the mineralization the chief 
problem involves the separation and classification of minerals ac- 
cording to their genetic occurrence, the recognition of the factors 
which have determined certain mineral associations, and the evalu- 
ation of these factors as to their influence on ore-deposition. The 
first distinction to be made is that between the primary rock-form- 
ing minerals and those developed by processes of secondary alter- 
ation. In further classifying the minerals of the second group 
it is first necessary to distinguish between differences due to the 
nature of the solutions acting, and those due to conditions of 
deposition or differences in the material acted on. In the classi- 
fication according to the differences in the agencies of metamor- 
phism, at least four types are to be considered, namely: contact 
alteration (pneumatolytic), hydrothermal alteration (sericitic and 
propylitic), weathering (in zone of oxidation), and the work of 
the solutions of secondary sulphide enrichment (meteoric solu- 
tions under deoxidizing conditions). 

Minerals deposited in open spaces, chiefly as fissure filling are 
to be distinguished from those developed by alteration and re- 
placement. 
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The different materials which influence the nature of the min- 
eralization are the different rock formations of the district, namely, 
the igneous rock types, white porphyry, diorite porphyry, green 
mica rock, micropegmatite, diabase, and granite; and the sedi- 
mentary rock types, shale, limestone, and quartzite or sandstone. 


DETAILED DESCRIPTIONS OF ROCK ALTERATION. 


Granite Porphyry.—The fresh granite porphyry shows rather 
numerous white feldspar phenocrysts of various sizes (from 24 
mm. down) ina fine grayish white groundmass. Tiny greenish 
spots are numerous, and small pyrite grains are not rare. There 
are usually some small quartz phenocrysts and occasional large 
bipyramidal ones (5 mm. across) which are the most character- 
istic feature of the rock. Weathered specimens are very similar 
to those to be described under monzonite porphyry. 

Typically, the granite porphyry is intensely altered and is com- 
posed of sericite, quartz, and pyrite. With the pyrite are micro- 
scopic quantities of chalcopyrite. The sericite usually forms an 
extremely fine felt (fig. 2) though where associated with much 
secondary quartz some of it may be relatively coarse grained 
(fig. 1). The abundance of both the quartz and the pyrite 
varies greatly in different specimens. The pyrite occurs dissemi- 
nated through the rock or in association with small veinlets of 
quartz which are of common occurrence. Pyrite individuals 
showing good crystal outlines are not rare. The quartz occurs 
chiefly in the groundmass and in the veinlets, while the feldspar 
phenocrysts are usually more or less delimited by areas of rela- 
tively pure sericite, though in the most thoroughly altered phase 
this distinction may be entirely lost. 

In the thin sections of the freshest specimens feldspar pheno- 
crysts, usually about 1 mm. in diameter or less, occupy about % 
of the area. These feldspars are chiefly albite. The large bi- 
pyramidal quartz phenocrysts as well as the smaller quartzes are 
of rare occurrence in comparison with the feldspar phenocrysts. 
Small biotite phenocrysts are also sparingly present. The ground- 
mass is a fine microgranitic aggregate of quartz and feldspar. 


brig 


MINERALIZATION AT CLIFTON-MORENCI. 535 


Sericite occurs sparingly in the groundmass and somewhat more 
abundantly in the feldspar phenocrysts. The biotites are either 
merely bleached or altered to chlorite. 

The classification by Lindgren? as a granite porphyry is based 
on a partial analysis which gives: SiO., 69.13 per cent.; CaO, 
0.22; Na,O, 3.01; K,O, 3.94, which is equivalent to 23.5 per 
cent. orthoclase molecule, 25.1 per cent. albite molecule, and 1.1 
per cent. anorthite molecule. 

Aside from those produced by weathering the typical secondary 
minerals of the granite porphyry are: sericite, chlorite, quartz, 
pyrite, chalcopyrite, chalcocite, and kaolin. The sericite, chlorite, 
quartz, and pyrite are typical of hydrothermal alteration, while 
the chalcocite and kaolin are ascribed to the processes of sec- 
ondary enrichment. 

The minerals of the zone of weathering to be discussed under 
monzonite porphyry, occur similarly in the granite porphyry. 

Monzonite Porphyry.—In general the monzonite porphyry is 
only distinguished from the granite porphyry by the absence of 
the large bipyramidal quartz-phenocrysts and the scarcity of any 
quartz phenocrysts, though it sometimes has a greenish appear- 
ance as the dioritic type is approached. 

The weathered porphyry shows yellow and red-brown colors 
with more or less black staining which make the outcrops pic- 
turesque elements of the scenery. The yellow-brown tinge dis- 
tinguishes it from the granite and quartzite. 

The sericitized phase of the monzonite porphyry is most typical 
and cannot be distinguished from the similarly altered granite 
porphyry (fig. 2). 

In the thoroughly weathered specimens kaolin is usually abun- 
dant and sericite is less conspicuous under the microscope. Opaque 
limonite or hematite spots are of common occurrence. Pyrite 
may be removed leaving clean-cut cavities. Sometimes these are 
filled with opal which may have a limonite rim. Where chalcocite 
occurs it is usually associated with malachite and sometimes cu- 
prite. The cuprite and malachite radiate outward from the chal- 


2U. S. G. S. Prof. Paper 43, 1915 
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EXPLANATION TO PLATE XIX. 


Fic. 1. Altered granite or monzonite porphyry. Sericite felt with con- 
spicuous quartz. Crossed nicols. 30 diameters. ‘ 

Fic. 2. Altered granite or monzonite porphyry. Typical sericite felt. 
Crossed nicols. 30 diameters. 

Fic. 3. Green mica rock showing resemblance to sericite felt. Crossed 
nicols. 30 diameters. 

Fic. 4. Green mica rock showing peculiar pyrite form and apatite rods. 
Ordinary light. 30 diameters. 
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cocite from which they were formed and occupy a network of 
ramifying veinlets. Where both occur, the cuprite stays rela- 
tively near the chalcocite. Malachite may develop where other 
evidences of weathering are lacking. Chrysocolla is found fur- 
ther away from the surface than cuprite or the copper carbonates, 
and bunches of native copper are also found at relatively great 
depths though usually associated with more or less ferruginous 
oxide material. 

A relatively fresh specimen of monzonite porphyry is described 
by Lindgren as follows: 

“Under the microscopic orthoclase, albite, and oligoclase, with an oc- 

casional crystal of labradorite are shown to be present. The plagioclase 
feldspars often show well developed zonal structure. The groundmass 
is coarsely microcrystalline, consisting of quartz and non-striated feld- 
spar grains with occasional octahedrons of magnetite. Sericite is pres- 
ent in the feldspars while chlorite has formed from the biotite; a little 
secondary epidote also occurs.” 
Thus the fresh rock is a porphyry with phenocrysts of oligoclase, 
albite, orthoclase, biotite, and labradorite, in about the order of 
abundance named, in a micro-crystalline groundmass of quartz 
and feldspar. 

Chemical analysis gives the following approximate mineral 
composition with the feldspar expressed molecularly: 


PERCENTAGE OF MINERALS IN QuaRrTZz-MoNZONITE-PoRPHYRY FROM THE 
Ryerson 


100 


From the thin section Lindgren concludes the most probable 
combination of the feldspars to give 38 per cent. albite and ortho- 
clase, and 24 per cent. Ab,An. Thus about 38 per cent. of the 
total feldspar is plagioclase. 


8U. S. G. S. Prof. Paper 43. 
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The system proposed by Iddings and Pirsson* for classifying 
rocks of this type on the basis of the nature of their feldspar 
content is shown graphically in the accompanying table. 

According to this classification a monzonite may contain from 
371% to 50 per cent. of the total feldspar in the plagioclase form. 
As the rock under consideration contains about 38 per cent. 
plagioclase, it is clearly a monzonite porphyry on this basis, though 
not far removed from the granitic type. 


% % 
Alkali Feldspar. Plagioclase, 

100 

75 25 

50 50 

Pal 25 75 

100 


The following secondary minerals are found in the monzonite 
and granite porphyries: sericite, quartz, pyrite, chalcopyrite, 
chlorite, chalcocite, kaolin, limonite, hematite, opal, cuprite, 
malachite, chrysocolla, and native copper. Sericite, quartz, 
chlorite, chalcopyrite, and pyrite are ascribed to hydrothermal 
alteration; chalcocite and kaolin to secondary enrichment: and 
kaolin with the remaining minerals to weathering. 

Diorite Porphyry.—Very fresh specimens of the diorite por- 
phyry are readily obtainable. Thus the opportunities for study 
of the unaltered rock is more favorable than in the case of the 
other phases of the porphyry of which even moderately fresh 
samples are obtained with difficulty. 

The typical fresh diorite porphyry is a somewhat flinty gray 
rock, showing numerous small white plagioclase phenocrysts in a 
fine dark green groundmass. Both the depth of the green color 
and the abundance of the phenocrysts vary somewhat in different 
parts of the mass. Portions of the diorite porphyry show a scat- 
tering of long needle-like hornblendes, up to 1 cm. in length, which 


3 As stated by L. V. Pirsson. 
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are absent elsewhere. A scattering of tiny biotites is revealed by 
close scrutiny in nearly all the fresh material. In so far as this 
rock has been weathered or otherwise altered it tends to lose its 
green color. 

The hand specimens show the original ferro-magnesian min- 
erals of the diorite porphyry to have been hornblende and biotite. 
In thin section the hornblende is not easy to identify. It is prob- 
ably represented by aggregates of fine secondary green hornblende 
and green biotite masses. The original biotites are usually in part 
preserved imbedded in secondary chorite. In many specimens the 
ferro-magnesian minerals are rather abundant. Pyrite is found 
occasionally in the ferro-magnesian areas. The plagioclase pheno- 
crysts usually occupy about one half the area of the thin section 
and are of all sizes up to 4 mm. in diameter. They range from 
andesine to a rather basic labradorite, and the larger individuals 
are usually zonal. Epidote is a common alteration product and 
sometimes replaces entire phenocrysts. In some cases calcite and 
other carbonates may be abundant. Also flakes of colorless sec- 
ondary mica are rather common. Tiny magnetites are usually 
present. Very rarely quartz phenocrysts are observed. 

The groundmass varies from micro-granitic to trachytic in 
texture and probably contains some orthoclase as well as plagio- 
clase. The same alteration products occur in the groundmass as 
in the phenocrysts, but in the groundmass they are often difficult 
to identify. 

A partial analysis of the diorite porphyry from Prof. Paper 
43 gives SiO, 61.20; CaO, 5.11; Na,O, 5.70; K,O, 1.35, which 
is equivalent to 8.0 per cent. orthoclase molecule; 48.3 per cent. 
albite molecule; and 25.4 per cent. anorthite molecule. Thus it 
would appear that the plagioclase of the specimen analyzed was 
andesine. 

The alteration which has affected the diorite results in the de- 
velopment of calcite, epidote, chlorite, hornblende, sericite, green 
biotite, pyrite, and possibly a very little secondary quartz. On 
the basis of these minerals and the field relations this alteration 
is classed as hydrothermal. It is possible that some of the most 


1 
. 
ae 
| 


540 LOUIS E. REBER, JR. 


calcitic phases are due to weathering, though as abundant calcite 
is in most cases intimately associated with the fine white mica, 
this is not believed to be the case. 

Green Mica Rock.—The most characteristic, though probably 
not the most abundant phase of the green mica rock is uniformly 
fine grained and of a dull green color which appears black when 
moist. It contains abundant pyrite which occurs finely dissemi- 
nated and in small veinlets. Though having a dull appearance 
and a rather soft consistency, the crystalline nature of the rock 
is indicated by numerous minute cleavage faces which show on a 
fresh fracture. Sometimes apatite crystals show as tiny white 
hairs which give the rock a diabasic appearance. The different 
variations of this rock comprise finely mottled types in which 
white chalky material is mixed with the green material in various 
proportions, and various mixtures with brown feldspar and sili- 
ceous material. 

In the most typically developed phase this rock is made up of a 
fine felt of brownish green mica in which are imbedded numerous 
small rods of apatite, abundant pyrite, and more or less fine mag- 
netite (fig. 3). The pyrite contains microscopic quantities of 
chalcopyrite. The apatite rods are usually about .1 mm. in di- 
ameter and from .2 to .4 mm. in length (fig. 4). The magnetite 
is usually difficult to detect in the thin section, but a small amount 
can be separated from the powdered rock with a magnet. In 
some specimens, however, it is conspicuous and abundant. Py- 
rite masses occupy a fifth or a sixth of the section area (figs. 
3, 4, and 5). They are sometimes coated with a little chal- 
cocite. In some parts of the rock more or less nearly colorless 
chlorite is associated with the green mica. Where the pyrite is 
most abundant there is often a little quartz. 

The pyrite in some instances has a peculiar rounded branching 
form, somewhat similar to a portion of a micrographic inter- 
growth (fig. 4). Hematite often occurs with the magnetite, 
either massive or coating the other oxide. There are also grid- 
iron forms suggesting the form of rutile called sagenite, but evi- 
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dently made up of plates rather than rods. These are believed 
to be hematite developed along cleavages of former pyroxenes. 
In the specimens similar gridirons of dark clayey material show 
124° angles corresponding to basal hornblende sections. Defi- 
nitely outlined areas, evidently preserving the form of previous 
amphiboles or pyroxenes, filled with clay, magnetite, pyrite, and 
hematite, occur with relative abundance. 

The apatite is the oldest of the minerals now present in the 
rock. It usually has fractures filled with the green mica, and is 
often included by pyrite. In rare instances the pyrites are broken 
and contain green mica in the fractures, indicating at least some 
green mica younger than the pyrite. 

The microscopic evidence shows that the original of the green 
mica rock was in its most extreme phase composed very largely 
of ferro-magnesian minerals, chiefly pyroxene or hornblende, 
with both probably represented, and sprinkled with abundant 
tiny apatites. It also contained more or less magnetite as an 
original constituent, and probably some feldspar. This extreme 
phase was evidently associated with gradations to the normal 
white porphyry. 

The minerals of secondary occurrence in this rock are: green 
biotite, pyrite, chalcopyrite, chlorite, magnetite, hematite, quartz, 
chalcocite, kaolin. 

With the exception of the chalcocite and kaolin, which are 
attributed to processes of secondary enrichment, the minerals are 
probably to be attributed to a single type of alteration. The 
intimate association of this rock with the micro-pegmatite sug- 
gests that this alteration may have contact metamorphic or pneu- 
matolytic affinities. However the similarity of the green biotite 
to sericite and its association with minor amounts of chlorite 
is most suggestive of that type of alteration classed as hydro- 
thermal. 

Micro-pegmatite-—The micro-pegmatite is characterized by 
peculiar brown feldspar and inconspicuous gray quartz with abun- 
dant pyrite, some of which is in fine veins. The pyrite is less 
abundant than in the green mica rock. In some specimens the 
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EXPLANATION TO PLATE XxX. 


Fic. 5. Green mica rock showing abundant pyrite and apatite. Ordinary 
light. 30 diameters. 

Fic. 6. Micropegmatite in contact with green mica rock. Crossed nicols. 
30 diameters. 

Fic. 7. Quartz-orthoclase micropegmatite. Crossed nicols. 30 diameters. 

Fic. 8. Diabase showing typical ophitic texture. Crossed nicols. 30 di- 
ameters. 
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micro-pegmatitic structure can be recognized with a hand lens. 
The micro-pregmatite is quite generally associated with the green 
mica rock which it intrudes on a minute scale (fig. 6). 

This rock when typically developed is very largely composed of 
a micrographic intergrowth of a rather irregular character com- 
posed of quartz and orthoclase feldspar (fig. 7). Sometimes 
the intergrowth is extremely coarse and sometimes very fine. A 
regular gradation from coarse to fine is not uncommon in a single 
individual. Large massive quartzes and orthoclases are also 
present. They sometimes occur in optical continuity with micro- 
graphic individuals. 

Under the microscope the orthoclase where least altered has a 
dirty appearance like that produced by kaolinization and shows a 
distinct pale brown color when the thin section is observed with 
the unaided eye. Although the greater part of the orthoclase 
has been completely changed to sericite the preservation of con- 
siderable unsericitized feldspar in this rock in an area where no 
trace of original feldspar remains in the white porphyry suggests 
that the intrusion of the micro-pegmatite took place after the seri- 
citization was partially complete. However, the more siliceous 
character of this rock may be in part responsible for the preserva- 
tion of the orthoclase. 

The alteration products found in the micro-pegmatite are seri- 
cite, quartz, and pyrite, and perhaps the indeterminate brown pig- 
ment material found in the least altered orthoclase. The seri- 
cite, quartz, and pyrite are the work of hydrothermal metamor- 
phism. The brown pigment material may be a kaolinitic product, 
but it is believed unlikely that any meteoric agencies are respon- 
sible for its development. 

Diabase.—The diabase is uniformly dark blue-gray to black in 
color. The texture ranges from that of a rather fine-grained 
variety to that of a variety which shows luster mottlings up to 5 
or 6 mm. in diameter. The luster mottling is due to the inter- 
rupted cleavage faces of the individual poikilitic augites. In 
some of the coarser-grained types the plagioclase laths are diffi- 
cultly visible. With alteration the diabase becomes lighter colored 
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and clayey in appearance. Where cupriferous it is full of irreg- 
ular quartz stringers with more or less chalcopyrite. 

Thin sections of this rock show a beautiful development of the 
diabasic or orphitic texture (fig. 8). Lath-like labradorite plagi- 
oclases form an interlacing mesh over the section like jackstraws. 
In the freshest specimens the greater part of the interstitial space 
is taken up by large nearly colorless augites which include a num- 
ber of the feldspar laths. In most of the specimens the augite 
has entirely altered to a green hornblende which is full of tiny 
specks of magnetite. The hornblende has streaks of higher bire- 
fringence and greater pleochroism which may be due to inclusions 
of the brownish green biotite which occurs sparingly in the sec- 
tion as an alteration product. In addition to the augite and horn- 
blende as interstitial filling, there are a good many aggregates of 
fine magnetite intergrown with talc and surrounded by serpentine. 
Sometimes they are formed of magnetite and serpentine alone. 
These magnetitic spots undoubtedly represent original olivines, 
now entirely altered (fig. 9). The serpentine manifests a tend- 
ency to migrate away from the olivine which furnished the ma- 
terial for its formation, and often fills fractures in the broken 
plagioclases. There is also more or less chloritic material devel- 
oped in the ferro-magnesian areas, but it is not conspicuous. 

There are occasional magnetite individuals of a different nature 
from those formed from the olivine. These are large and mas- 
sive with clear-cut boundaries and appear to replace ferro-mag- 
nesian material and feldspar indiscriminately. This magnetite 
sometimes includes scraps of other secondary minerals, thus prov- 
ing it a product of the mineralization, and not an original con- 
stituent of the rock. There is some fine white mica developed in 
the plagioclase, and scraps of calcite are occasionally observed. 

In one section the alteration is chiefly to fibrous hornblende 
with spots of magnetite, and some epidote and a little quartz in 
the most distinct of the numerous tiny veins. The magnetite in- 
cludes secondary hornblende. Hornblende-quartz veins cut the 
magnetite and the epidote-quartz veins. The epidote-quartz 
veins cut the hornblende veins more often than they are cut by 
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them. Thus three overlapping phases are shown: (1) Magne- 
tite; (2) hornblende with a little quartz, and (3) epidote with a 
little quartz. 

The minerals developed by processes of alteration in the diabase 
are green hornblende, fibrous hornblende, serpentine, magnetite, 
chlorite, talc, biotite, calcite, quartz, and epidote. 

As the diabase is believed to be the youngest intrusive in the 
area, contact metamorphism can hardly be called on to explain 
the development of any of the secondary minerals listed above. 
Hydrothermal alteration is thus held responsible for the entire 
list. 

Granite——The typical pre-Cambrian granite is a moderately 
coarse-grained rock with decidedly pink feldspars, gray quartz, 
and occasional bluish black spots which resemble magnetite. 
Sometimes the feldspar lacks the pink color, and the quartz is less 
distinctly gray. In some localities fine-grained phases are en- 
countered. A relatively local phase exhibits fresh black pyrox- 
ene with gray feldspar. In one locality the abundant ferromag- 
nesian minerals make the rock resemble a gabbro. 

In mineralized areas the granite often shows pyrite, or more 
rarely, chalcopyrite. It may become a uniform or blotchy deep 
red or a nondescript more or less chalky gray in color, and is 
sometimes so silicified that the feldspars are no longer distin- 
guishable. 

The characteristic reds and browns of the weathered granite 
are a picturesque feature of the landscape, where it is exposed. 

The most usual type of the granite, which was called a mag- 
netite granite in the field, in thin section shows large quartz and 
orthoclase individuals with coarse granitic texture. There are 
occasional areas where the quartz is associated with tiny magne- 
tites, scraps of titanite and more or less leucoxene as well as con- 
siderable green biotite (fig. 10). Often the orthoclases are re- 
placed by large microperthitic intergrowths of orthoclase and 
alkali-plagioclase. Small zircons are not uncommon. In most 
cases the feldspar is considerably kaolinized and only slightly 
sericitized. Near the porphyry contact the granite may be domi- 
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EXPLANATION TO PLATE XXI. 


Fic. 9. Diabase showing spots of magnetite and talc representing former 
olivine. Ordinary light. 30 diameters. 

Fic. 10. Magnetite, titanite, quartz, and green mica in area representing 
former ilmenite (?) Ordinary light. 30 diameters. 

Fic. 11. Banded epidote-quartz rock. Ordinary light. 30 diameters. 

Fic. 12. Sericitized quartzite. Crossed nicols. 30 diameters. 
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nantly sericitized or contain a great deal of secondary quartz. 
In this case more or less pyrite is usually present, and epidote and 
zoisite may occur in considerable abundance. Chalcocite and 
cuprite are sometimes found, and in a few cases the granite is 
mined as ore. 

The gabbro-like phase has a rather typical coarse, granitic tex- 
ture. The following minerals occur as primary constituents and in 
about the order of abundance named: alkali-plagioclase with fine 
albite twinning, orthoclase, nearly colorless augite, micrographic 
intergrowth of quartz and orthoclase, quartz, brown biotite, mag- 
netite, and apatite. 

Some of the orthoclase is quite thoroughly kaolinized. Else- 
where it contains both sericite and kaolin. There are thoroughly 
sericitized spots. The relatively fresh augite has a dirty altera- 
tion product along cleavage planes which makes it look like dial- 
lage. The augite is largely altered to hornblende which is itself 
locally altered to green biotite, sometimes to rutile, and possibly 
to magnetite. 

The following minerals are developed in the granite by processes 
of alteration: kaolin, leucoxene, cuprite, chalcocite, sericite, py- 
rite, quartz, rutile, green mica, magnetite, hornblende, titanite 
(?) epidote, and zoisite. Four kinds of alteration are probably 
represented: first, weathering, producing kaolin, cuprite, and 
quartz; second, the work of meteoric waters in the zone of de- 
oxidation, producing chalcocite, kaolin, and quartz; third, hydro- 
thermal alteration, producing sericite, green mica, pyrite, mag- 
netite, rutile, titanite, hornblende, leucoxene, and quartz; fourth, 
contact metamorphism producing epidote, zoisite, and perhaps 
hornblende. 

Shale.—The most argillaceous rocks of the Devonian forma- 
tion are very pure and uniform. The color ranges from gray to 
black, but in some cases becomes nearly white where blocks of 
shale are imbedded in the porphyry. Between the clay shale and 
material to be classed as shaly limestone, there are all gradations. 
The lower part of this formation is largely argillaceous limestone. 
In so far as these rocks are calcareous their alteration is similar 
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to that of the limestone. The most common alteration of the clay 
shales results in a paler-colored variety. They are largely com- 
posed of material which is microscopically indeterminate. Some- 
times flinty epidotic rocks are formed. Epidote may occur dis- 
seminated throughout the rock or in tiny veinlets associated 
with quartz. Often minor amounts of tremolite or sericite occur, 
and it is probable that the white shales are largely sericite of sub- 
microscopic grain. In these light-colored alteration products the 
coloring matter has become aggregated into tiny dark specks. 
The altered shales may contain occasional pyrite grains. 

The Cretaceous shales are siliceous flinty rocks which often 
have very little shaly parting. They are uniformly dark green to 
black in color, or strikingly banded in gray and green. The 
banded shales are entirely very fine quartz and epidote; the 
coarser quartz bands with more epidote (fig. 11). The epidote 
makes up a fourth of the rock. The green or black shales are 
similar to the clay shales of the Devonian formation, but contain 
abundant fine angular sand grains and are more epidotic. 

The alteration minerals of the shales are epidote, tremolite, 
sericite, pyrite, and quartz. The evidence as to the nature of the 
alteration producing these minerals is rather indeterminate. Epi- 
dote and tremolite are usually ascribed to contact alteration, while 
sericite is typical of hydrothermal. Epidote is also very charac- 
teristic of propylitization, but occurs under a wide range of 
conditions. 

Limestone.—Fresh specimens of the limestone formations can 
readily be obtained within a short distance of the most intensely 
mineralized areas. The Cambro-Ordovician limestone varies 
from a fine-grained shaly gray rock to a crystalline, blue-gray 
variety of relative purity. In general it contains no fossils or 
other clues as to origin. Peculiar pebbly or concretionary forms 
are sometimes observed on the weathered surface. 

The typical limestone of the Mississippian formation is a 
coarsely crystalline gray rock which often contains abundant 
crinoid stems and rarer coral or bryozoan remains. When freshly 
broken it emits a strong odor of hydrogen sulphide. This phase 
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is known as the gray cliff limestone because of its massive char- 
acter which makes it the conspicuous cliff-forming member of the 
sedimentary series. Other subordinate varieties are coarsely 
crystalline dark blue limestone and various finer-grained less pure 
phases. 

Chemical analyses show magnesia to occur rather abundantly 
in occasional beds. The quantity required to make the rock a 
dolomite is rarely approached in the Cambro-Ordovician lime- 
stone, but more frequently in the Mississippian formation. 

Near the porphyry the limestone sometimes becomes pure white 
in color and more or less coarsely crystalline. 

The most abundant end product of the alteration of the lime- 
stone is a massive vitreous rock composed entirely of brown gar- 
net. Sometimes the crystal forms of the garnet show, and there 
is a little intergrown quartz. Some intermediate forms occur, 
and calcite, diopside, chalcopyrite, sphalerite, and garnet is not an 
extremely unusual association. Massive magnetite associated 
with more or less lime silicate material is another complete end 
product, while bright green rocks composed largely of epidote 
sometimes occur. More or less tremolite and serpentine may be 
associated with the epidote. 

Very commonly the limestone is merely discolored, with nu- 
merous stringers and veinlets of pyrite. The rock may be of a 
somewhat bleached greenish color with irregular stripes and lines 
of darker color. 

Tremolite is especially common in the shaly varieties. Antig- 
orite and nearly colorless chlorite are of very general occurrence 
and may be uniformly disseminated or predominate in certain 
bands, while other bands are of coarsely crystalline calcite. Py- 
rite and magnetite sometimes occur in bunches. Hematite (spec- 
ularite) is often associated with the magnetite and may occur in 
wonderful platy arborescent forms. The secondary quartz is al- 
most always limited to tiny veinlets in association with pyrite or 
epidote. Antigorite also occurs characteristically in veinlets. 
Calcite occurs in veins and is sometimes associated with epidote. 

Siderite sometimes occurs in massive form, and cerussite has 
been found in at least one locality. 
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Oxidized phases are most typical of the limestone which has 
been heavily pyritized, as the acid waters from the gossan pene- 
trate the limestone with relative ease. Thus nearly massive yel- 
lowish phases and red-brown and buff more or less spongy ma- 
terial are not rare. This may contain pyrite preserved in the 
more siliceous portion, or may contain copper carbonates. 

The most abundant development of the carbonate copper min- 
erals, however, is usually in entirely decomposed, soft, iron- 
stained material. Here azurite occurs characteristically in nod- 
ules often with hollow centers lined with perfect crystals, mala- 
chite in more irregular forms, and rarer cuprite mixed through 
the spongy limonitic material. Often the oxides of manganese 
may give the decomposed limestone a nearly black color. Alunite 
occurs typically in large nodular masses in decomposed soft shaly 
limestone, close to a porphyry contact. 

The secondary minerals developed in the limestones are garnet, 
epidote, magnetite, tremolite, antigorite, chlorite, specularite, di- 
opside, chalcopyrite, pyrite, sphalerite, quartz, alunite, limonite, 
and other secondary oxides and carbonates. The oxides and car- 
bonates are clearly due to weathering processes. The occurrence 
of the others in the specimens offers very little basis for their 
classification beyond the fact that garnet and magnetite are most 
often massive and most rarely found in veins. All these latter 
minerals, with the exception of serpentine, chlorite, and alunite, 
are usually classified as typical of contact metamorphism, while 
the serpentine and chlorite are believed to be of hydrothermal 
origin. The alunite is probably due to the work of secondary 
enrichment solutions. 

Quartzite—The Coronado quartzite varies from a coarse- 
grained, pebbly, well-cemented sandstone to an extremely fine- 
grained, vitreous quartzite. The finer-grained phases are not nec- 
essarily the most vitreous, though this is usually the case. The 
coarser-grained phases are most abundant, especially in the lower 
part of the formation. The coarser varieties in the lower hori- 
zons may be somewhat arkosic, otherwise, the rock is a very pure 
sandstone or quartzite, of a white or yellowish color. 
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Nearly all the quartzite contains enough pyrite so that surface 
weathering develops brilliant red and red-brown colors which 
make the outcrops of this formation picturesque features of the 
landscape. 

The typical quartzite is composed of quartz grains of a rather 
uniform size, the larger ones well rounded and the smaller with a 
tendency to angularity. In the mineralized area the interstices 
are filled with sericite which ranges in abundance from a very 
small amount to a third or more of the rock (fig. 12). The 
actual size of the grains varies in different localities. The seri- 
citic phases have a chalky appearance similar to that of the min- 
eralized porphyry. 

It is the very sericitic types whicn are best mineralized and 
seem to be most favorable to secondary enrichment. Dissemi- 
nated pyrite, more or less heavily coated with chalcocite may 
occur abundantly. The pyrite is intergrown with microscopic 
amounts of chalcopyrite. Masses of mineralized quartzite are 
cut by occasional small quartz-pyrite or chalcedony pyrite veins. 

The more vitreous material is usually made up of interlocking 
quartzes with only small amounts of sericite. Pyrite may occur 
imbedded in the quartz with clean-cut margins and good crystal 
form, but it is not, as a rule, very abundant in this phase. 

The quartzite and quartzitic sandstone which occurs interstrati- 
fied with the limestone is usually finer-grained than most of the 
Coronado formation. The arenaceous beds of the Cretaceous 
formation are pure fine-grained sandstone and not at all quart- 
zitic. This sandstone is made up of uniformly fine, angular and 
sub-angular quartz grains, cemented by calcite and chalcedony. 

The association of the most vitreous phase of the Coronado 
formation with the mineralized area suggests that much of the 
cementation has been due to the mineralizing solutions which were 
associated with the porphyry intrusive. It appears that in some 
cases the rock was silicified and in others sericitized. 

The alteration which has affected the quartzite has resulted in 
the introduction of sericite, quartz, pyrite, chalcopyrite, chalced- 
ony, and chalcocite, in a manner entirely comparable to the char- 


if 
= 


552 LOUIS E. REBER, JR: 
acteristic alteration of the white porphyry. The chalcocite, and 
perhaps the chalcedony, is due to processes of secondary enrich- 
ment, while the other minerals are related to the hydrothermal 
alteration processes of the primary mineralization. 


PROCESSES OF ALTERATION. 


Contact Metamorphism.—Lindgren* distinguished between 
contact and hydrothermal metamorphism by limiting contact 
metamorphism to the vicinity of igneous contacts (in practice 
rather loosely), while hydrothermal is related to fissures which 
serve as trunk channels for the active thermal solutions. 

At Morenci, and perhaps more notably elsewhere, as at Ouray,> 
the effects described as most typical of contact metamorphism 
sometimes occur at considerable distances from the igneous con- 
tacts and are related to fissures as well as to especially favorable 
sedimentary beds. In some instances effects like those of contact 
metamorphism are believed to have been produced by solutions 
which have altered the outer portion of the intrusive mass. From 
this it is clear that solutions of some sort are instrumental in con- 
tact metamorphism. 

It would appear to require a considerable stretching of the 
original conception of contact metamorphism to include all these 
instances. A conception of the areal relation sufficiently broad 
for this includes hydrothermal alteration with equal propriety. 

Such a viewpoint is taken by Barrell,’ who uses contact action 
as a general term which he divides into contact metamorphism 
and contact metasomatism, the former involving change of form 
alone, and the latter change of composition. Contact metaso- 
matism is then divided into pneumatolytic alteration and hydro- 
thermal alteration, depending on whether the solutions are acting 
at a temperature above or below the critical temperature of water 
(365° and 200 atmospheres). This division of metasomatism, 
as he notes, can only be used indirectly in practice. Hence for 

4U. S. G. S. Prof. Paper 43, p. 124 (1905). 

5Irving, J. D., U. S. G. S. Folio 153, 1907. 


6 Spurr, J. E., Econ. GEeor., Vol. 7, No. 5, p. 485, 1912. 
7 Barrell, J., U. S. G. S. Prof. Paper 57, p. 116 (1907). 
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field use his distinction is based on the nature of the minerals 
formed. 

Usage has refused to abide by this nice discrimination between 
metamorphism and metasomatism. Metamorphism is most often 
used as a general term for alterations (particularly of a con- 
structive kind) which may or may not involve metasomatic ac- 
tion. This difference from present custom has resulted in con- 
siderable confusion in connection with the interpretation of Pro- 
fessor Barrell’s results by later writers. He has been repeatedly 
quoted as supporting the view that material is never introduced 
during contact action, though the contrary is definitely indicated 
in the Marysville report.® 

The term contact metamorphism is now usually applied to con- 
tact alteration producing heavy anhydrous silicate minerals, not- 
ably lime silicates, and corresponds to Barrell’s pneumatolytic 
alteration. This restriction of a term which is logically a general 
one has come into vogue through the lack of a satisfactory desig- 
nation for the more limited field. 

A consideration of the recorded instances of contact metamor- 
phism brings out in most striking manner the fact that the term 
is typically applied to the alteration of sedimentary rocks, most 
notably limestones. Lindgren® recognizes this fact in discussing 
contact metamorphism in his book on “ Mineral Deposits.” Ina 
similar manner hydrothermal alteration is found to be character- 
istically associated with igneous rocks. 

Here, then, is a rather fundamental distinction which appears 
to have escaped the recognition it deserves. This immediately 
brings up the question as to whether or not differences in the 
nature and condition of the metamorphic agents have not been 
unduly emphasized at the expense of this significant difference 
in nature of the material acted upon. To what extent is it pos- 
sible that the same solutions may be responsible for contact meta- 
morphism and for hydrothermal alteration, and to what extent is 
the common assumption that the latter is a lower temperature 


8U. S. G. S. Prof. Paper 57, 1907. 
® Lindgren, “ Mineral Deposits,” 1913, p. 664. 
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phase justified by unquestionable evidence? The prevalence of 
this opinion is, under the circumstances, a strong point in its 
favor. However, it is never amiss to inquire to what extent it 
is merely a matter of opinion. 

The points upon which this conclusion rests are first: contact 
metamorphism has been assumed to occur only closé to contacts 
and to take place early in the cycle of intrusion and mineraliza- 
tion, at a time when the intruded rocks are supposed to be at a 
maximum temperature; while hydrothermal alteration is known 
to take place chiefly after the outer portion of the intrusive mass 
has solidified. Second: minute structural relations indicate 
greater ability. of the solutions of contact metamorphism to pene- 
trate the rocks independently of fissuring than that possessed by 
the solutions of hydrothermal alteration, thus suggesting pneu- 
matolytic affinities for contact metamorphism. Third: the min- 
erals characteristic of contact metamorphism are in general of 
the dense anhydrous character believed to be typical of high tem- 
peratures, and in some specific cases have been determined to 
require high temperatures for their formation, while the more 
hydrous minerals most typical of hydrothermal alteration are 
generally considered as having lower formation temperatures. 

The validity of the first assumption is entirely destroyed by 
the lack of close association of some contact metamorphic masses 
with igneous contacts and the discovery by Spurr’® of an instance 
of contact metamorphic effects produced by solutions which passed 
through fissures in the already solidified outer shell of the in- 
trusive mass supplying the material. 

Aside from the distinction between vaporous and aqueous so- 
lutions it is known that the resistance to flow through capillary 
and sub-capillary openings decreases markedly with increase of 
temperature. Thus, in so far as contact alteration is more per- 
vasive than hydrothermal, higher temperatures are indicated. 
Differences in the material acted on must be kept in mind in order 
to make this comparison a fair one. The greater penetrability 
of the sediments as opposed to igneous rocks may obviate the ne- 

10 Spurr, J. E., Econ. Grot., Vol. 7, No. 5, 485, 1912. 
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cessity for fracturing or the fracturing may be merely more diffi- 
cult to detect. In the case of limestone the relatively greater 
solubility may dispense with the need for fracturing. 

The third consideration is of great weight as contact metamor- 
phism may almost be defined as the variety of alteration which 
produces heavy anhydrous minerals which require high tempera- 
tures for their formation. However it has not been conclusively 
proved that the minerals of hydrothermal alteration may not in 
some cases be formed at equally high temperatures, though it has 
been shown that in some cases they are probably formed at lower 
temperatures. 

In view of the foregoing considerations contact metamorphism 
may be defined as a type of thermal metamorphism of sedimentary 
rocks, notably limestones, related areally to igneous contacts in a 
broad way and resulting in the development of heavy anhydrous 
silicates of the high temperature type, notably lime silicates. It 
is entirely possible that such metamorphism is in part pneumato- 
lytic, and in part the work of aqueous solutions. 

The minerals generally classed as typical of contact metamor- 
phism are lime-garnets, epidote, wollastonite, diopside, amphi- 
bole, vesuvianite, magnetite, specularite, and pyrite, chiefly in 
limestones ; and amphibole, epidote, feldspars, biotite, andalusite, 
staurolite, scapolite, and quartz, chiefly in shales."* 

Of these the following are found in the metamorphosed sedi- 
mentary rocks at Morenci: andradite (calcium-iron garnet), epi- 
dote, diopside (rare), amphibole (tremolite), magnetite, specu- 
larite, and pyrite in the limestones, and amphibole (actinolite), 
epidote, and quartz in the shales. In addition: antigorite, com- 
mon serpentine, and sericite occur in the limestones, while the 
quartzite (or sandstone) contains abundant sericite. The latter 
minerals are most typical of hydrothermal metamorphism. In 
the case of the “quartzite,” which may have been originally an 
arkosic sandstone, the sericitization is to be classed as typically 
hydrothermal rather than contact metamorphic. 

Evidence as to the paragenesis of the secondary minerals in 

11 Lindgren, W., “ Mineral Deposits,” p. 664, 1913. 
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the limestone is rather indeterminate. Epidote, tremolite, and 
serpentine are cut by later quartz-pyrite veins. Calcite, epidote, 
and chlorite occur associated in indefinite veins. Antigorite 
veins cut pyritized residuals of relatively fresh limestone. Ser- 
pentine occurs between garnet grains in a manner suggesting con- 
temporaneous development. Thus epidote is to some extent 
younger than, as well as contemporaneous with the magnesian 
minerals, and there is a suggestion of contemporaneity of garnet 
and serpentine. 

In Prof. Paper 43 Lindgren describes the alteration along a 
mineralized fissure as follows: 


“For a certain distance from the vein, ordinarily not more than a few 
inches or a few feet, the limestone is bleached and heavily impregnated 
with pyrite. A typical example is a dolomitic limestone from the Black 
Hawk No. 3 tunnel of the Shannon mine. The rock is grayish-green 
and partly altered containing besides much fine-grained calcite aggregates 
of colorless pyroxene and amphibole. This is cut by veinlets of coarse 
calcite, containing intergrown anhedrons of pyrite and magnetite, with 
a little chalcopyrite. Adjoining these veinlets and extending about half 
of their width are altered bands in which the limestone has been com- 
pletely converted to prisms of colorless amphibole, probably tremolite. 
One or two of the same prisms are also contained in the veinlet itself, 
which apparently is produced by filling. Thus the metasomatic change 
exerted by the waters flowing through this fissure consists in the con- 
version of dolomitic limestone to tremolite.” 


Previous contact metamorphism has developed pyroxenes and 
amphibole and a vein including calcite, magnetite, and amphibole, 
etc., has developed amphiboles along its margin. Whether the 
alteration along this vein is classed as hydrothermal or contact 
metamorphism, it furnishes evidence of the close relationship 
between the two phases. As already brought out, the distinction 
between these two types of alteration, based on relation to fissur- 
ing, does not seem to be fundamental as even garnetization is 
seen to be related to fissuring in some instances. 

The question of the importance of magmatic contribution in 
the development of the lime silicates characteristic of the contact 
metamorphism of limestones has been debated vigorously within 
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the last few years. Instances have been brought forward which 
conclusively prove the truth to lie with the upholders of one side 
or the other, indiscriminately.1* The conclusion is unavoidable 
that in specific instances both extremes are represented. A con- 
. Sideration of those occurrences most nearly corresponding to that 
at Morenci strongly favors the belief that the great lime-silicate 
masses of these contact zones have been developed with the aid of 
enormous accessions of material furnished by the intrusive mass.** 

At Morenci the most conspicuous and abundant lime-silicate 
rock is composed of massive calcium-iron garnet. 

The four possibilities in a given instance of contact metamor- 
phism are (1) that the material present in the original rock may 
remain of the same chemical composition, (2) that various 
amounts of certain constituents may be eliminated, (3) that ma- 
terial may be added, and (4) that certain constituents may be 
removed, wholly or in part, and other constituents may be intro- 
duced. Probably examples of each of these cases exist some- 
where. 

In the passing from a relatively pure limestone to a nearly pure 
garnet rock, only two of these possibilities are under considera- 
tion. Either the change has taken place entirely through the eli- 
mination of material or some material has been added and some 
subtracted. The garnet rock is about two thirds silica and iron 
oxide by weight, while a series of analyses of the limestone from 
the Detroit Copper Co.’s quarry in the member of the Modoc for- 
mation which is most subject to replacement by garnet rock, 
shows the material other than calcium and magnesium carbonates 
to average less than 3 per cent. It would take between 20 and 
30 cubic feet of limestone to make one cubic foot of garnet rock 
if the change were produced entirely by the elimination of 
material. 

If only CO, were eliminated and other material added, a vol- 
ume increase of about one half would be required. 

The structural relations at Morenci indicate beyond a reason- 


12 Leith, C. K., and Mead, W. J., “ Metamorphic Geology,” p. 140, 1915. 
13 Lindgren, W., “ Mineral Deposits,” 667, 1914. 
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able doubt that there has been no such great contraction of vol- 
ume as that required by the adherents of the theory that little 
or no material was added to the original calcareous rocks. As 
has been emphasized before, the intrusive contacts are everywhere 
sharp and angular with many engulfed blocks and no crumpling 
of the sedimentary beds. The bedding of the limestone is in 
many places clearly preserved in the structure of the secondary 
silicate rock. Individual beds which have proved most favor- 
able to alteration lie between other beds whose unaltered char- 
acter allows no uncertainty as to their undeformed condition. 
Also in passing along the bed containing garnet rock to fresh 
limestone, no evidence of vertical settling can be found. Similar 
considerations eliminate the possibility of marked increase of 
volume. Thus it seems in this case to be indisputable that the 
development of the enormous masses of garnet rock which exist 
at Morenci is the result of a volume for volume replacement such 
as has been emphasized again and again by Lindgren. 

Another corroborative fact is found in the occurrence of lime- 
silicate material identical with that of the replaced limestone as 
undoubted fissure filling. 

Lindgren’* computes that since the change has taken place at 
constant volume for every cubic foot affected approximately 29 
pounds of CaO and 74 pounds of CO, must have been carried 
away, and 83 pounds SiO, and 74 pounds Fe,O; have been added. 

It is in connection with these lime-silicate contact metamor- 
phic rocks that the phenomenon of replacement is most charac- 
teristically developed. 

In his study of metasomatic processes Lindgren’® brings out 
the fact that the substitution of one molecule for another is not 
the usual governing principle in replacement as was formerly 
believed to be’ the case. In opposition to the principle of mole- 
cule for molecule replacement, he established the principle of 
volume-for-volume replacement as being of most general applica- 
bility. The emphasis laid on this latter principle carries with it 


14 Lindgren, W., U. S. G. S. Prof. Paper 43, p. 154, 1905. 
15 Lindgren, W., Econ. GEot., Vol. 7, No. 6, pp. 521-536, 1912. 
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the implication that it is based on some physical-chemical law 
such as that believed to govern the former. In all probability 
this is not the case. 

From a physical-chemical point of view we may look upon any 
mineralizing solution as part of a system which is endeavoring to 
maintain equilibrium under changing conditions. The possibili- 
ties of variation of the external conditions are so great that it 
may be assumed that equilibrium is almost never maintained. 
The changes of temperature and pressure, and of the solid ma- 
terials in contact with a given portion of the solution due to flow 
through the vein channels, and the change of the composition of 
the solutions due to admixture of different solutions by the inter- 
secting of lines of flow, will in general maintain the unbalanced 
condition of the system. Similar considerations apply to pneu- 
matolytic emanations traversing sub-capillary passages. In the 
continuous endeavor to reach equilibrium, the solutions may be 
depositing one or more substances or dissolving one or more sub- 
stances, or depositing some and dissolving some at any given 
point. It is in the last instance that we have the phenomenon of 
replacement. 

As a general physical-chemical proposition there is no constant 
quantitative relation between the material deposited and the ma- 
terial taken into solution. In discussing this relation volumet- 
rically there are three possibilities to be considered; namely, more 
material may be deposited, or more dissolved, or equal volumes 
may be deposited and dissolved. Aside from the question of 
available space, the possibility of the third condition being ful- 
filled; rather than another, is as the magnitude of a point com- 
pared with a straight line of indefinite extent. However, in re- 
placement the available space imposes a limit on deposition. The 
tendency to deposit more than is dissolved can only result in a 
volume-for-volume exchange. That the other possibility, of less 
deposition than solution is sometimes realized, is an observed fact, 
and its rarity in replacement bodies (in so far as it is of uncom- 
mon occurrence) may be explained by the fact that solutions tend 
to move in the direction of decreasing temperature and pressure, 
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and decreasing temperature and pressure in general promotes 
deposition rather than solution. The increased solubility of the 
material being replaced, due to the pressure exerted by the crystal 
growth of the material being deposited, may aid volume-for-vol- 
ume replacement. 

Here then we have the “Law of Equal Volumes” as estab- 
lished by Lindgren as fundamental in the formation of replace- 
ment deposits. According to the foregoing conception it is not a 
melocular or a volumetric equivalence which is most fundamental 
in replacement—it is the continued endeavor to reach equilibrium 
of a complex physical-chemical system whose unbalanced state 
is being more or less continuously maintained. That juvenile 
solutions usually have a greater tendency to deposit than to dis- 
solve, due to fall of temperature and pressure, is sufficient ex- 
planation of the fact that the volume-for-volume relationship is 
commonly exhibited in replacement. 

In the light of the foregoing conception of replacement it 
seems probable that pressure conditions tending to close up open- 
ings as fast as they were formed would hinder the development 
of volume-for-volume replacement such as exhibited at Morenci. 
In that case the occurrence of the replacement is evidence of the 
absence of great pressure. 

Hydrothermal Alteration (Propylitisation) .—Kemp’® says in 
regard to the original use of the term propylite: 

“Tt was created for a series of rather coarsely crystalline or granitoid 
andesites, that are of early Tertiary age, and often have the dark sili- 
cates altered to secondary minerals. The name means ‘before the gates,’ 
and the significance was that coming just before the geological time of 
the true volcanics, yet resembling them, they deserved this distinction. 
It is now obsolete, and reasons for its special existence were long ago 
exploded, but having been employed on the Comstock lode it has passed 
into western usage.” 

Becker’? in connection with his work on the Comstock lode 
showed that the so-called propylites were highly altered andesites 
and basalts, hence the term propylitic alteration. Since then the 


16 Kemp, J. F., “ Handbook of Igneous Rocks,” p. 41, 1899. 
17 Becker, G. F., U. S. G. S. Mono. B, p. 33, etc., 1862. 
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term has been used rather indiscriminately. Probably the defi- 
nition best in accord with usage is any alteration of igneous rocks 
in which hydrous magnesian alteration products are important 
and are associated with more or less epidote and carbonates."® 

The above definition justifies the application of the term pro- 
pylitization to the alteration which has affected the diabase at 
Morenci. This alteration is characterized by the development of 
serpentine, hornblende, tremolite, epidote, magnetite, calcite, chlo- 
rite, biotite, talc, and sericite. Some of these minerals suggest 
higher temperature and closer affinity to contact metamorphism 
than in the case of alteration where chlorite predominates. 

In the Lake Superior region the Kewatin greenstones in gen- 
eral are abundantly chloritized, while hornblendic phases occur 
locally where there is a fairly close association with the later 
intrusives. 

Without comparative analyses it is impossible to make any 
accurate quantitative determination of the change in chemical 
composition produced by the alteration of the diabase. However, 
it is probable that the change has not been extreme, as the sec- 
ondary minerals appear to be very largely related to the com- 
position of the primary minerals. 

A general study of the relationship between propylitization and 
sericitization indicates that the chemical changes in this case are 
probably very similar to those which have affected the porphyry. 
Fragments of diabasic breccia along quartz chalcopyrite veins are 
entirely sericitized. 

( Sericitization) —Sericitization is the almost universal expres- 
sion of the hydrothermal alteration of acidic igneous rocks. Thus 
it is a common feature of many of the mining camps of the west- 
ern United States. A set of specimens of sericitized porphyry 
from the various western mining camps would not differ greatly 
from a rock heap from any particular one. 

The granite and monzonite porphyries at Morenci have their 
feldspathic and ferro-magnesian constituents entirely changed to 
sericite over large areas where the mineralization is most intense. 


18 Compare Lindgren, W., “ Mineral Deposits,” p. 446, 1913. 
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This development of sericite is characteristically associated with 
more or less pyrite in disseminated grains and in veins with 
quartz. More or less secondary quartz may also be added to the 
rock, though in general this is not conspicuous, and in some cases 
original quartz has been removed. 

In the less extreme phase of this alteration the feldspar may be 
only partially changed to sericite, and the biotites merely bleached 
or altered to chlorite. 

The less quartzitic portions of the large engulfed blocks of the 
Coronado formation which occur abundantly along the border of 
the porphyry mass in the town of Morenci are sericitized in a 
manner entirely comparable to that in which the adjoining por- 
phyry is affected. Sometimes as much as a third of the rock is 
composed of sericite, though no evidence has been found indicat- 
ing the replacement of the original quartz grains by sericite. 

The diorite porphyry is much less widely or intensely altered 
than the more acidic phases of the porphyry mass. -All in all, the 
alteration of this rock is to be called sericitization only by cour- 
tesy. Just as the diorite porphyry is, in a measure, a type inter- 
mediate between the granite-monzonite porphyry and the diabase, 
so, aside from the question of intensity, the alteration of the dio- 
rite porphyry is, in a measure, intermediate between the sericiti- 
zation of the one and the propylitization of the other. 

Sericite, calcite and epidote occur more or less abundantly 
through the rock. Green biotite, secondary hornblende, tremo- 
lite, chlorite, and rare pyrite represent the former hornblendes. 
The original biotites are bleached and changed to chlorite around 
the margins. 

A comparison of the analyses of fresh and altered specimens of 
the monzonite porphyry given in Professor Paper 43 shows the 
chemical changes due to sericitization. By means of a computa- 
tion to introduce a corrective factor for any change of specific 
gravity involved, the material actually introduced or removed is 
expressed in terms of per cent. of the original rock mass, and 
shown graphically on Plate VI. (broken line number 4). This 
plate is explained further on. 
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( Biotitization) —It is believed that the occurrence of green bio- 
tite in a similar manner to that of sericite has not been previously 
described. The conditions under which it has here been formed 
are somewhat problematical. The analogous occurrence of this 
secondary green biotite and the sericite indicates hydrothermal 
development, while the intimate association with the younger 
micropegmatite intrusive suggests pneumatolytic associations. 

This alteration most needs be studied entirely from the point 
of view of the completely altered rock, as no unaltered equivalent 
has been found. The green mica rock consists very largely of a 
finely divided felt of brownish-green biotite which is very similar 
to the sericite felt developed in the porphyry. Scattered through 
this felt are numerous small apatites and abundant pyrite masses. 
The apatite is clearly the oldest mineral present. Sometimes there 
is also a little quartz with the pyrite, and a small quantity of color- 
less chlorite is intergrown with the biotite felt. Magnetite and 
specularite are rarely observed in thin section, and fine magnetite 
is nearly always detectable in the powdered rock. 

The following chemical analysis (I.) was made of the green 
biotite from this rock. The separation of the mica was accom- 
plished with a heavy solution, and an examination of the sample 
with a magnifying glass showed it to be of a high degree of purity, 
although extremely minute traces of pyrite escaped elimination. 

Column IT. gives an average analysis for the Morenci sericite 
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as deduced by Lindgren’® from the rock analyses. Column III. 
is the result obtained by subtracting the sericite from the biotite. 

The biotite seems to be a rather average biotite in most re- 
spects. The amount of ferrous iron is trifle unusual, and the 
lime is higher than is commonly found. The contrast between 
this normal biotite and the markedly hydrous white mica which 
is typical of the sericitization suggests that a temperature differ- 
ence in addition to difference in the material acted on may be 
required to explain the differences in the two resulting altera- 
tions. The presence of magnetite and specularite point in the 
same direction as well as the somewhat coarser habit of the green 
mica as opposed to the sericite. The sericite also shows a tend- 
ency to develop a coarser texture in the vicinity of the biotite. 
The biotite occurs in small veins much more abundantly than seri- 
cite ever does. There is then at least a strong suggestion of 
higher temperature conditions incident to the formation of the 
green biotite than those under which the sericite normally devel- 
ops. These are of course readily explained by the presence of the 
micropegmatite. 


INTERRELATION OF PROCESSES OF MINERALIZATION. 

Sericitization and Propylitization.—In the outlying portions of 
the district where porphyry and diabase occur together, the op- 
portunity for the study and comparison of the effects of mineral- 
izing solutions on the two rocks is particularly good. The re- 
lation between the sericitic and propylitic types of hydrothermal 
alteration is a question which has been discussed by various 
students of the rock alteration accomplished by mineralizing 
solutions. 

The sericitic alteration which is universal in the mineralized 
portions of the porphyry changes a rock consisting of plagioclase, 
quartz, and occasional biotite phenocrysts, and fine-grained gra- 
nitic groundmass of quartz, orthoclase, and alkalic plagioclase to 
a finely felted aggregate of quartz and sericite. The outlines of 
the phenocrysts are preserved to a greater or less degree by areas 

19U. S. G. S. Prof. Paper 43, p. 170. 
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of relatively pure sericite. The original quartz of the rock usu- 
ally remains unaltered, and considerable secondary quartz may 
be introduced. This is in general inconspicuous. In the highly 
sericitized rock no trace of biotite remains. Less thoroughly 
sericitized specimens in which the plagioclase phenocrysts are not 
sericitized beyond recognition always show the biotite bleached or 
more or less completely altered to chlorite. 

This development of chlorite is clearly related to the propy- 
litic type of alteration, and occurs here as a less intense phase of 
sericitization. 

The diabase dike rocks, the alteration of which is believed to be 
correctly classified as of the propylitic type, were originally com- 
posed largely of labradorite and augite. In the more altered 
rocks the labradorite is not entirely gone, though it is somewhat 
sericitized and encroached on by the serpentine resulting from the 
alteration of the augite. The augite is changed to hornblende or 
more completely altered to actinolite and serpentine. 

The sericitic alteration of the porphyry dikes adjacent to the 
diabase dikes is of less intense character corresponding to that 
observed in the outskirts of the mineralized area in the main por- 
phyry mass, where the biotites are still recognizable. 

Study of analyses illustrating rock alteration of these types in 
other localities brings out more strongly the relation between the 
sericitic and propylitic changes suggested at Morenci. 

Of all the available pairs of analyses illustrating rock alteration 
with which the specific gravity of the fresh and unaltered rocks 
are given, thus making possible the quantitative computation of 
chemical changes,”° the group showing a gain in potassa includes 
all those representing sericitic and propylitic alteration. Taken 
as a class there are no uniform differences between the sericitic 
and propylitic types. The chemical changes common to both 
these types of alteration are quite uniform. The circular diagram 
(fig. 30) showing graphically the losses and gains involved in 
each case brings out this fact strikingly. Marked gains in po- 
tassa and combined water, and a marked loss of soda, a marked 


20 Method used by Ransome in U. S. G. S. Prof. Paper 75, 1911. 
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loss in lime, and a somewhat smaller, though equally constant 
loss of magnesia, are shown. 


Fic. 30. Sericitization and Propylitization. (1) San Francisco Monzo- 
nite, sericitic (?) ; (2) San Francisco Monzonite, sericitic; (3) Hailey, Idaho 
Diorite, sericitic and propylitic; (4) Morenci Granite Porphyry or Monzo- 
nite, sericitic and propylitic; (5) Leadville White Porphyry, sericitic and pro- 
pylitic; (7) Rimini Monzonite, sericite tourmaline; (8) Willow Creek, Idaho, 
Grano-Diorite, sericitic and propylitic; (9) British Columbia Diorite, pro- 
pylitic; (10) Hauraki, New Zealand, Andesite, propylitic. 


The iron oxides also show rather constant loss aside from that 
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introduced with the pyrite which is usually an accompaniment 
of this type of alteration. The introduction of CO, in greater or 
less amount also appears to be the rule, though probably this is 
more true of propylitization than sericitization. The diagram also 
indicates that the changes in silica and alumina are not essential 
features of this alteration, as sometimes gains are shown and 
sometimes losses. The pairs of analyses plotted are about equally 
divided between those which show a loss of silica and a gain of 
silica. 

In the utilization of pairs of rock analyses to determine ma- 
terial contributed and abstracted by mineralizing solutions, it is 
necessary to know the specific gravities of the fresh and altered 
rocks represented by the analyses, and the volume change. It 
has been found, however, that as a rule there is practically no 
volume change. Where there has been volume change it should 
be possible to recognize it in the structural features or the devel- 
opment of porosity. Assuming, then, two analyses, one repre- 
senting an unaltered rock, and the other a rock which has been 
subjected to action of mineralizing solutions, with the specific 
gravity of each determined and a reasonable probability that no 
volume change has taken place, it is possible to determine quanti- 
tatively the chemical changes which have taken place with a fair 
degree of accuracy. In making these computations the two anal- 
yses are first recalculated to total exactly 100 per cent. Each 
analysis is then divided through by its specific gravity, giving 
grams of each constituent in 100 c.c. of each rock. Comparison 
of these two columns will show the quantitative changes which 
have taken place. If the one representing the fresh rock be sub- 
tracted from that representing the altered rock, the positive values 
represent material added by the mineralizing solutions, and the 
negative values represent material abstracted, in terms of grams 
per 100 c.c. of rock. Dividing this column through by the specific 
gravity of the fresh rock expresses the same quantities in terms 
of grams per 100 grams of fresh rock. It is these values which 
are used in plotting the diagrams showing graphically the work 
of the mineralizing solutions. The possibilities of error in such 
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determinations lie in (1) the difficulty of securing accurate deter- 
minations of specific gravity, as the specific gravity, to be ac- 
curate for this work, should include such porosity as may exist 
in either of the rocks under comparison, and (2) the necessary 
assumption that there has been no volume change, which may be 
more or less well founded. However, it is reasonably certain 
that any inaccuracy in the result attained in this way will not be 
sufficient to invalidate the conclusions drawn from them in con- 
nection with this discussion. 

In the diagram used for the graphic presentation of these re- 
sults the heavy circle represents the composition of the unaltered 
rock while radial distances measured by the concentric circles 
represent percentages. The losses are measured from the heavy 
circle toward the center, and the gains are measured outward. A 
separate radial line or spoke on the wheel is used for each con- 
stituent, and the points showing the individual losses or gains are 
joined by straight lines to emphasize their position. Thus in the 
plate each broken line threading the spokes of the wheel repre- 
sents an instance of rock alteration. 

This diagram brings out quite strongly the intimate relationship 
between the solutions producing alteration of the sericitic and the 
propylitic types respectively. If the solutions are similar the 
marked difference in the alteration products ascribed to these 
processes must be due to the different composition of the material 
acted on. 

It has been pointed out that alteration of the propylitic type is 
observed at Morenci in the ferro-magnesian minerals of the less 
intensely altered porphyry, and succumbs entirely to the sericitic 
alteration in the more intensely altered phases. Similar cases of 
propylitic changes developing at an early stage in the rock alter- 
ation are observed at Butte?* and elsewhere. The chemical 
change required to eliminate the chlorite developed by sericitiza- 
tion is obviously the removal of magnesia which is apparently a 
universal feature of both sericitic and propylitic alteration. The 


21 W. J. Mead, personal communication; also various published descrip- 
tions. 
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more intense and thorough the alteration, the more magnesia will 
be eliminated, and the more the alteration will tend to become 
sericitic rather than chloritic or propylitic. Where the original 
supply of magnesia is somewhat limited, intense alteration easily 
eliminates the chlorite; while in the ferro-magnesian rocks the 
sericitic stage is seldom reached. 

Contact Alteration and Hydrothermal Alteration According 
to Van Hise’s*? classification of metamorphic changes those which 
involve the breaking down of rock minerals into simpler forms 
are classed as katamorphic, while those involving the production 
of complex forms are called anamorphic. The process of 
weathering produces the type examples of katamorphic changes, 
and this process involves oxidation, hydration, and carbonation, 
while the constructive anamorphic changes are deoxidation, de- 
hydration, and decarbonation, thus further distinguishing be- 
tween the two types of metamorphism. Contact alteration is 
anamorphic in its nature. 

The changes produced by hydrothermal alteration are typically 
katamorphic, though to a much lesser degree than in the case of 
weathering. The minerals produced by hydrothermal alteration 
are in general somewhat more hydrous and include more car- 
bonates than the igneous rock minerals which they replace, and 
they are probably somewhat simpler in chemical structure. Thus 
hydrothermal alteration is intermediate between weathering and 
alteration of the type which develops complex anhydrous sili- 
cates, and would be expected to grade into these other types at 
either extreme. The change from highly crystalline anhydrous 
minerals to the simpler and more hydrous compounds developed 
by the process of weathering and sedimentation and back again 
to the more complex form by anamorphic process has been termed 
the metamorphic 

The close association in the metamorphic cycle of the minerals 
typically developed by contact metamorphism and original igne- 
ous rock minerals accounts for the slight effect of contact meta- 
morphism on fresh igneous rocks; while the katamorphosed na- 


22U. S. G. S. Mon. 47, 1904. 
23 Leith, C. K., Journal of Geology, Vol. 15, p. 303, 1907. 
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ture of sedimentary material renders it particularly susceptible to 
contact alteration. On the other hand hydrothermal alteration 
which is, in a measure, katamorphic in its nature affects igneous 
rocks more conspicuously than sedimentary rocks. Further it is 
to be expected that hydrothermally altered igneous rocks are 
more susceptible to contact alteration and contact altered sedi- 
ments to hydrothermal alteration than the original rocks. 

From the foregoing conception it would appear that there is a 
very fundamental distinction between contact metamorphism and 
hydrothermal metamorphism indicated by the nature of the rocks 
chiefly affected by each type of alteration. The difficulty often 
experienced in discriminating between contact and hydrothermal 
alteration suspected of occurring together in the same rock indi- 
cates the absence of any break between the two phases and fur- 
ther that the change from solutions producing anamorphic effects 
to those producing katamorphic effects or vice versa, may be a 
gradual one. The distinction, based on the material affected is 
important. 

In the most conspicuous and extreme variety of contact meta- 
morphism, the development of massive garnet, great quantities 
of silica and iron are supplied by the mineralizing solutions, and 
lime and magnesia are removed. The solutions typical of hydro- 
thermal metamorphism are seen to possess a remarkable unifor- 
mity as to material added and subtracted despite differences in 
material acted on. Iron, sulphur, potassa, water, and quite often 
silica are added, while soda, lime, and magnesia are removed. 
The most significant chemical distinction appears to rest on the 
association of introduction of potassa with hydrothermal alter- 
ation. 

The contact metamorphism which has been under discussion, 
characteristically alters sediments, involves heat, and may involve 
the addition and subtraction of certain substances; hydrothermal 
metamorphism alters igneous rocks, involves somewhat less heat, 
and the addition and subtraction of certain substances, plus addi- 
tion of potassa. Contact metamorphism is a constructive process; 
hydrothermal is one with destructive tendencies. 
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The diorite porphyry occurring chiefly as laccoliths should, as 
Lindgren suggests, represent the original material of the intrusive 
which, because of its isolated position, solidified with little oppor- 
tunity for differentiation. Its relative lack of mineralization may 
be similarly explained. 

In the main mass of the stock with a connection maintained 
with the magma reservoir below, the opportunity for differenti- 
ation would be good. The large masses of green mica rock 
which rapidly become more extensive with depth represent the 
alteration of a basic differentiate of the porphyry stock. As this 
basic material separated out, probably by gravitative settling of 
the heavy minerals which crystallize first,2* the upper portion of 
the mass must have become more and more acidic, and rich in 
mineralizers. 

Two processes are important in the separation of the mineral- 
izing solutions which are originally dissolved in the magma. 
One is relief of pressure due to upward movement, the other is 
crystallization due to cooling. 

The common association of mineralizers with porphyries 
rather than abyssal rocks points to the importance of relief of 
pressure in this connection. 

The crystallization and segregation of the basic material would 
concentrate the mineralizers in the acidic portions of the magma. 
Sufficient relief of pressure would permit them to take a vapor- 
ous form and thus in all probability become immiscible with the 
liquid magma. These gas bubbles might rise through the magma 
with considerable speed. 

The changes would take place in the stock before the reservoir 
below was affected. 

The mineralizing solutions would, in general, be pneumatolytic 
where they leave the solidifying magma, as it is greatly above the 
critical temperature of water, and water is considered an essential 
constituent of these solutions. Their continuance in a vaporous 


24 Bowen, N. J., Jour. of Geol., Dec., 1915, Supp. 
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condition would be dependent on the temperature gradient from 
the still liquid magma through the surrounding rocks. As con- 
vection is vastly more effective than conduction in the outward 
transfer of heat, the time when the maximum temperature reaches 
a given point is a matter depending on the vicissitudes of each 
particular case. In so far as the solutions active at any given 
point are aqueous rather than vaporous, it would indicate their 
more or less distant source. 

At some early stage in the mineralization a solidified outer shell 
would be formed about the intrusive magma, and the mineraliz- 
ing solutions would pass through cracks in this shell. Owing to 
the slight susceptibility of fresh igneous rocks to the anamorphic 
changes of pneumatolytic alteration, any effects produced would 
be lost in the later hydrothermal alteration. Any vaporous solu- 
tions following hydrothermal alteration, however, might be ex- 
pected to produce conspicuous results. The fact that such evi- 
dence of contact alteration minerals developed in the intrusive 
rock is of rare occurrence would indicate that the time of contact 
metamorphism is in general before that of hydrothermal. 

The separating out of the mineralizing solutions is probably 
largely a gravitative effect. It is not surprising that the mineral- 
izers show a preference for the upper portions of the intrusive 
mass. Butler®® has shown statistically that apically truncated 
stocks are most favorable to mineralization. At Morenci the 
mineralization is localized at the two points where the Paleozoic 
series has been preserved by down faulting. These points repre- 
sent the highest preserved portions of the porphyry stock. The 
greater fracturability of the sediments as opposed to the pre- 
Cambrian granite may also have influenced this localization. The 
lack of mineralization in the more deeply truncated stocks which 
has been brought out by Butler indicates that the final giving 
off of the mineralizing solutions is from the upper portions of the 
stock and not from the deeper seated underlying magma reser- 
voir. Otherwise the lower portions of the stocks or surrounding 
sediments should show the effects of the passage of the solutions. 


25 Butler, B. S., Econ. Geot., Vol. 10, No. 2, p. 101, 1915. 
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Fracturing would be most intense at margins and pneumatolytic 
solutions would affect sediments if not the igneous rock, while 
if the solutions were in liquid form they would surely leave 
traces in the stock itself. 

This is somewhat different from the conception of Spurr?® in 
his theory of ore-deposition. He considers the ore solution and 
the intrusive rock associated with the ore-deposits common differ- 
entiates of a deep-seated magma, which may reach their final 
resting place more or less independently of each other. He con- 
siders the adjacent intrusive incapable of differentiation, and un- 
important as a source of ore solutions. The evidence here out- 
lined points to a tendency of mineralizing solutions to become 
concentrated in the upper portions of an intrusive stock, coinci- 
dent with the concentration of more basic materials in deeper 
seated portions. This conception indicates the importance of 
geologically rapid differentiation in the nearby intrusive masses 
as opposed to differentiation in the deep-seated magma reservoir. 

That material originally dispersed through the magma of the 
deep-seated reservoir and ultimately given off as mineralizing so- 
lutions may have first become concentrated in the uprising apoph- 
yses is not improbable. However, when it is considered that 
many stocks undoubtedly have great vertical extent and become 
larger with depth, it seems reasonable to suppose the magma of 
the stock itself competent to supply a great bulk of mineralizing 
material where conditions are especially favorable to its separa- 
tion as seems to have been the case at Morenci. 

The writer is indebted to the officials of the Detroit Copper 
Co., of Morenci, Arizona, for making possible the collection of 
material and for helpful suggestions. 


26 Spurr, J. E., Econ. Geox., Vol. 2, No. 8, p. 781, 1907. 
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LABORATORY STUDIES IN SULPHIDE ORE 
ENRICHMENT. 


II. THe ForMATION OF CHALCOPYRITE BY ARTIFICIAL 
REPLACEMENT. 


S. W. Younc anp NEIL Preston Moore. 


1. INTRODUCTION. 


As was pointed out in a previous paper,’ chalcopyrite forms 
readily and quite rapidly when specimens of chalcocite containing 
iron are subjected to the action of aqueous solutions of hydrogen 
sulphide of high concentrations, either in alkaline, acid or neu- 
tral solutions. The experiments described in this paper were 
devised to gain more concise information of this phenomenon. 

Fragments of natural chalcocite and covellite were sealed up 
in tubes with aqueous solutions and liquid hydrogen sulphide 
following exactly the method described in the previous paper. 
Three different classes of solutions were used: 

A. The solutions contained ferrous sulphate as the source of 
iron (beyond that present in the mineral as impurity). 

B. The solutions contained precipitated ferrous sulphide pre- 
pared outside the tubes, and carefully washed before being added 
to the tubes. 

C. A fragment of magnetite was added as a source of ad- 
ditional iron. 

In class A tubes some ferrous sulphide was always precipitated 
by the hydrogen sulphide, so that the tubes were always somewhat 
acid. 

Class B tubes were made up so as to be alkaline, acid or neutral 
as was also the case with class C tubes. In no case was the 
effect of the acidity, alkalinity or neutrality of the solution of 
sufficient effect to be discernible, so this distinction between the 


1 This journal, No. 4, p. 349. 


574 


STUDIES IN SULPHIDE ORE ENRICHMENT. 575 


tubes will be for the present ignored, and the results to be de- 
scribed will apply to all three conditions. All experiments were 
carried out in a thermostat at 30 degrees. 


2. RESULTS. 
(a) THE “ PYRRHOTITE BRIDGE.” 


In almost all the tubes of classes A and B, there began to form 
at the junction between the solution and the floating liquid hydro- 
gen sulphide, a crust of yellowish crystals of a metallic luster. 
These began to appear in a few days and if the tubes were allowed 
to stand undisturbed for two or three weeks, this crust became so 
strong and rigid that the tube could be inverted, and even shaken 
quite violently without dislodging it. A number of these crusts 
were collected and submitted to a qualitative analysis. They 
showed total absence of copper, and were presumably merely crys- 
tallized ferrous sulphide. For this reason we have referred to 
them as “ pyrrhotite bridges.” Their formation only at the junc- 
tion between the two liquids is probably a surface tension phe- 
nomenon, due to a lower solubility of the ferrous sulphide at the 
junction than in the body of the solvent. In so far as the main 
purposes of this paper are concerned, these bridges are of little im- 
portance and are mentioned here merely as further evidence of 
the great mineralizing power of hydrogen sulphide for the 
metallic sulphides. 


(b) THE FORMATION OF CHALCOPYRITE. 


In all cases there was abundant evidence of the formation of 
chalcopyrite on the mineral fragments as might be expected from 
the results described in the previous paper.” The effect of the 
presence of the additional iron in the present series of experi- 
ments was evident in a more rapid and abundant development of 
chalcopyrite than occurred when additional iron was not present. 
Since the chalcocite and covellite tubes showed quite different 
conduct, they will be discussed separately. 


2 Loc. cit. 
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1. The Chalcocite Tubes (Classes A and B). 


The phenomena occurring in these tubes differed from those in 
absence of additional iron* in one very fundamental manner, 
namely, in that they showed virtually no tendency toward the 
recrystallization of chalcocite. In the former tubes where the 
amount of iron was limited, the recrystallization of chalcocite was 
abundant except in acid solution. In the present series the whole 
surface of the mineral became uniformly coated with chalcopyrite, 
and no clusters of chalcocite crystals appeared. From this we 
conclude that in presence of excess of iron, all chalcocite must 
ultimately become converted into chalcopyrite when subjected to 
the influence of hydrogen sulphide waters, whether these be acid, 
alkaline or neutral. One other condition is probably necessary, 
namely, some source of free or potential sulphur, a point which 
will be discussed later (see under constitution of chalcopyrite). 


2. The Covellite Tubes (Classes A and B). 


The covellite used in these experiments was a well-crystallized 
specimen, but contained considerable amounts of chalcocite 
throughout the mass. From the start there was abundant evi- 
dence of the formation of chalcopyrite, but this happened in a 
quite different manner from that upon the chalcocite. Whereas 
the chalcocite became uniformly coated, there could be distin- 
guished upon the covellite, three quite different types of conduct; 
(1) areas where the surface became uniformly coated with chalco- 
pyrite; (2) areas which remained clear blue and showed no 
chalcopyrite; (3) areas where some chalcopyrite was formed, 
but not uniformly. In order to throw more light upon this phe- 
nomenon a specimen of covellite was ground flat and rough pol- 
ished. Examination with a glass showed distinctly the pattern 
of the chalcocite stringers throughout the mineral. This specimen 
was treated as usual in a solution containing ferrous sulphate. 
After a short time the chalcocite stringers all showed as chal- 
copyrite, the pattern being well brought out, while the covellite 
areas remained blue. We conclude from this that under the 


3 Loc. cit. 
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conditions of our experiments chalcocite may and does unite with 
iron sulphide to form chalcopyrite while covellite does not, or if 
by any chance it does, its rate of union is almost infinitely slower 
than that of chalcocite. The areas of partial chalcopyrite re- 
placement mentioned above we interpret as areas where some 
chalcocite is disseminated through the covellite. 


(3) Class C Tubes. 


In these tubes, it will be recalled, the source of additional iron 
was a fragment of magnetite placed in the tube with the other 
mineral. The difference between the chalcocite and the covellite 
as described above persisted here, the rate of replacement (or syn- 
thesis of chalcopyrite) being however much more rapid than in 
the previous cases. So rapid indeed was the action that, on treat- 
ing a rough ground specimen of covellite with a fragment of mag- 
netite in contact, the pattern of the chalcocite stringers was found 
to be brilliantly chalcopyrite-colored as soon as the contents of the 
tube had melted after being taken from the freezing bath where 
it was filled. The rapidity of the replacement was fairly astound- 
ing in the light of the previous slow reactions which we had 
obtained; and some experiments were instituted to clear up the 
matter, and these will be discussed in the following division. 


3. THE EFFECT OF CONTACT ON THE RATE OF REPLACEMENT. 


Two parallel sets of tubes were set up as follows: 

Set 1.—Two tubes, one containing chalcocite and the other 
covellite, to each of which was added a fragment of magnetite, 
which was allowed to be in contact with the other mineral. 

Set 2.—Identical with set 1, except that the two minerals were 
separated by a bit of glass tubing. 

The contrast in the conduct of the two sets of tubes was strik- 
ing. In Set 2, where the minerals were separated from one 
another, the rate of replacement was about the same as that 
shown by tubes containing ferrous sulphate or amorphous, precipi- 
tated ferrous sulphide. In the other set, where the magnetite 
and the covellite or chalcocite were in contact the replacement 
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EXPLANATION TO PLATE XXII. 


Fic. 1. Covellite. Note chalcopyrite on outside border. 

Fic. 2. Another part of same specimen illustrated in Fig. 1. Note veinlets 
of chalcopyrite passing through covellite and chalcocite. 

Fic. 3. Chalcocite. Note chalcopyrite edges artificially produced. 

Fic. 4. Bornite. Note borders and veinlets filled with chalcopyrite. 
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was enormously more rapid, a few minutes being sufficient to gain 
abundant evidence of the formation of chalcopyrite, the differ- 
ences in conduct between chalcocite and covellite still persisting. 

There seems to be but one possible explanation of this conduct 
and that is the electrical one. When the two minerals are in 
metallic contact in an electrolyte (we have observed the same 
sort of effects upon tying the two minerals to the ends of a plat- 
inum wire and then immersing them in a suitable electrolyte) they 
constitute a galvanic couple, and the transfers of material neces- 
sary to the synthesis of the chalcopyrite take place very rapidly 
through the medium of the electric current. When they are sep- 
arated, they are like a galvanic cell in open circuit, in which the 
only transfer of material is due to local action and leakage cur- 
rents. These phenomena are being studied in greater detail and 
will be discussed more fully in later papers. 

We have obtained through the courtesy of Mr. Beeson, photo- 
graphs of a number of artificial replacements, produced in the 
above manner. Four of these are here reproduced. The speci- 
mens were prepared for photographing by imbedding in hard 
wax after taking from the treatment tubes, grinding a portion flat 
and carefully polishing. Nos. 1 and 2 are covellite containing 
much chalcocite. No. 1 shows the edge of the specimen. The 
white border is chalcopyrite deposited artificially. Note also two 
small gashes of chalcopyrite, with a larger one above, following 
the same general direction as the chalcocite stringers in the speci- 
men. No. 2 is another part of the same surface. Note the vein- 
lets passing through the covellite and chalcocite. What the con- 
tents of these veinlets were before treatment is not certain, but it 
was certainly not chalcopyrite, with which they are now com- 
pletely filled. No. 3 is a specimen of chalcocite. Note the chal- 
copyrite edges, artificially produced, and the evidences of begin- 
nings of replacement in the veinlets which are mainly melaconite. 
No. 4 is a specimen of bornite. The black areas are quartz. 
Note the borders and veinlets filled with chalcopyrite. This chal- 
copyrite did not exist before treatment. It is due in this case, 
not to synthesized chalcopyrite, but to chalcopyrite produced by 
the breakdown of bornite. (See previous paper.) 
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4. THE CONSTITUTION OF CHALCOPYRITE AND BORNITE. 


As a result of the experiments described in this and the previ- 
ous paper (Joc. cit.) some rather interesting considerations are 
possible ccncerning the constitution of chalcopyrite and bornite. 
We shall begin, for the present, on the assumption that the usu- 
ally accepted formule are correct, namely, CuFeS, for chalco- 
pyrite and Cu;FeS, for bornite. It has been shown in the pre- 
vious paper that bornite breaks down in the presence of hydrogen 
sulphide solutions (alkaline and neutral) into chalcocite, covel- 
lite, and chalcopyrite, all the iron presumably going to form 
chalcopyrite, since chalcocite appears among the products, which 
would not be the case if other iron were present with which it 
could unite to form chalcopyrite. We may therefore subtract 
the formula for chalcopyrite from that of bornite and see what we 
have left. We find two molecules of chalcocite, thus: 


Cu,;FeS, — CuFeS, = 2Cu.S. 


Thus bornite might be looked upon as a combination of chal- 
copyrite with two molecules of chalcocite, having the nature of 
a double salt. But covellite is also formed from the bornite break- 
down‘ and that in seemingly very considerable quantities. This 
may be explained in a number of ways. There may be sulphur 
in the bornite as solid solution, or there may be oxidized iron in 
the mineral, which with hydrogen sulphide would yield the sul- 
phur necessary to form covellite. (That the conversion of chal- 
cocite into covellite at low temperatures by direct union with sul- 
phur is quite possible will be shown in an ensuing paper.) The 
appearance of the blue “tarnish film” on bornite on exposure to 
the air, and which we are inclined to believe is covellite, would 
lend support to the theory that the covellite is an oxidation prod- 
uct, the cuprous sulphide being more readily oxidizable when com- 
bined in the form of bornite than when free. At the present time 
we are inclined to believe that the most probable formula for bor- 
nite is CuFeS,.2Cu,S. As to the constitution of chalcopyrite, 


4 Loc. cit. 
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the case is not so simple, although considerable evidence of im- 
portance is cited. As pointed out in this paper, covellite does not 
seem to be capable of uniting with iron in the presence of hy- 
drogen sulphide, to form chalcopyrite, while chalcocite does so 
readily. This is rather strong evidence that chalcopyrite as well 
as bornite is a cuprous compound. Assuming this to be true its 
formula must be doubled, which gives us Cu,Fe,S,. Analyzing 
this formula on the assumption that it is a cuprous sulphide com- 
pound gives: 


Cu,Fe.S, = Cu,S.Fe.S; or Cu,S.FeS.FeS,. 


Chalcopyrite would thus appear to be a combination of chalcocite 
with pyrrhotite and pyrite, or with the sesquisulphide of iron, a 
body which is recorded in the literature but about which little is 
known. 

This speculation suggests some interesting experiments. 
Would pure chalcocite and ferrous sulphide unite to yield chal- 
copyrite? According to the above considerations they should not 
They probably would however if any source of potential or free 
sulphur were present. Pyrite might fulfill the needs and oxidized 
iron (magnetite and hematite, either of which would react with 
hydrogen sulphide to give free sulphur) should most certainly do 
so. Experiments bearing upon these points can however be car- 
ried out satisfactorily only with synthetic products of high purity. 
Mr. W. E. Burke in this laboratory has succeeded in preparing 
synthetic chalcocite, covellite, and ferrous sulphide, in well-crys- 
tallized form, and by the use of these it is believed that further 
results will be obtained. 
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THE SO-CALLED GRAPHIC INTERGROWTH OF 
BORNITE AND CHALCOCITE. 


Austin F, Rocers. 


The study of the copper sulphide ores by means of the 
metallographic microscope has brought to light many inter- 
esting structures, and among them is none more puzzling 
than the so-called graphic intergrowth of bornite and chal- 
cocite. This so-called intergrowth was first described by 
Laney! in specimens from the Virgilina district of Virginia 
and North Carolina. Since then it has been noted in the 
Butte ores by Graton and Murdoch,? in the ores of Mt. Lyell 
district, Tasmania, by Gilbert and Pogue,’ in the ore at the 
Bevelheymer mine, Washoe county, Nevada by Segall,* and 
in the ores from the Engels mine, Plumas county, California, 
by the writer. In the present paper it is described from six 
additional localities. 

Laney described the bornite-chalcocite aggregates as crys- 
tallographic intergrowths due to simultaneous deposition at 
the eutectic point. Graton and Murdoch used the term 
graphic intergrowth or primary intergrowth, which also im- 
plies simultaneous crystallization of the two minerals. Since 
the appearance of Laney’s paper this explanation has been 
generally accepted but in 1914 the writer® expressed the 
opinion that the so-called intergrowth of bornite and chal- 
cocite is simply an irregular replacement of bornite by chal- 
chocite.? More recently Segall* decides that the intergrowth is 
due to the replacement of chalcocite by bornite. 


1 Laney, Econ. GEox., Vol. 6, pp. 399-411 (1911). 

2 Graton and Murdoch, T. A. I. M. E., Vol. 45, pp. 26-81 (1913). 

3 Gilbert and Pogue, Proc. U. S. Nat. Mus., Vol. 45, pp. 609-625 (1913). 

4 Segall, Econ. Geot., Vol. 10, pp. 462-470 (1915). 

5 Rogers, Econ. Geox., Vol. 9, pp. 350-391 (1914). 

6 Rogers, Min. and Sci. Press, Vol. 108, pp. 680-686 (1914). 

7 Since the present paper was written, Whitehead (Econ. Geox., Vol. 11, 
p. 1) has come to the same conclusion. 
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Thus there are at least three hypotheses to be considered: (1) 
The bornite and chalcocite are formed simultaneously; (2) 
the chalcocite is a replacement of bornite; (3) the bornite is 
a replacement of chalcocite. From a scientific standpoint at 
least, it is important to know whether chalcocite is formed 
simultaneously with bornite. If ever formed simultaneously 
it is in these so-called intergrowths. 

Laney’s arguments in favor of the simultaneous deposition 
of bornite and chalcocite may be summarized as follows: (1) 
The sharp, clear-cut boundaries between the bornite and 
chalcocite, (2) the continuous orientation of chalcocite over 
a considerable area of the intergrowth, (3) the resemblance 
of the bornite-chalcocite aggregate to the eutectic of alloys. 
The experience gained in several years’ work with polished sec- 
tions convinces me that none of these criteria are valid, and that 
the criteria for simultaneous deposition of two minerals must be 
largely negative and based upon the absence of any evidence of 
replacement. 

In every occurrence of the so-called graphic intergrowth studied 
I have found evidence that the chalcocite is later than the bornite. 
This evidence is based upon the following observations: (1) The 
direct replacement of bornite by chalcocite; (2) the presence of 
late hypogene chalcopyrite which is known from other occur- 
rences to be the result of the “breakdown” of bornite; and (3) 
another mineral (klaprothite) is intermediate in age between 
bornite and chalcocite. 


MOUNTAIN LAKE MINE NEAR SALT LAKE CITY, UTAH. 


I am indebted to the late Mr. E. P. Jennings, of Salt Lake City, 
for some interesting specimens of copper ores from a contact- 
metamorphic deposit at the Mountain Lake mine near the head 
of Big Cottonwood Canyon, twenty-five miles southeast of Salt 
Lake City. The ore-minerals recognized in the polished sections 
are magnetite, chalcopyrite, bornite, klaprothite, chalcocite, and 
covellite. It was in these specimens that I first recognized an 
unknown mineral which is probably klaprothite (or klaprotho- 
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EXPLANATION OF PLATE XXIII. 


Fic. 1. Bornite (b) with klaprothite (k) and chalcocite (cc) and sur- 
rounded by magnetite (m) from the Mountain Lake mine near Salt Lake 
City, Utah. 

Fic. 2. So-called graphic intergrowth of bornite (b) and chalcocite (cc) 
from the Mountain Lake Mine near Salt Lake City, Utah. 

Fic. 3. Apparent graphic intergrowth of bornite (b) and chalcocite (cc) 
which is the result of the replacement of klaprothite by chalcocite. A few 
remnants of klaprothite are shown at x. Butte, Montana. 

Fic. 4. Bornite (b) with klaprothite (k) and chalcocite (cc). Butte, 
Montana. 
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lite), CugBigSy. The klaprothite is a pale bronze-yellow mineral 
which appears yellowish white in reflected light. It has about the 
same hardness as bornite and is not affected by cold dilute nitric 
acid. The credit of identifying this mineral as klaprothite be- 
longs to Dr. F. B. Laney, who found it in the Butte ores. The 
writer has found klaprothite in a number of copper ores associated 
with bornite and it seems probable that it is one of the most com- 
mon and widely distributed of the hypogene bismuth minerals. 
It is of especial importance here because of the light it throws 
upon the relation of the chalcocite to bornite. 

Figs. 1 and 2 (Plate XXIII.) represent polished sections of the 
Mountain Lake ores. The general relations are shown in Fig. 1, 
where a streak-like sulphide mass occurs in the magnetite. The 
sulphides are certainly later than the magnetite. The klaprothite 
often occurs as irregular areas and small inclusions within the 
bornite without any connection with chalcocite. As the chalco- 
cite areas have the same general shape as the klaprothite and as 
the klaprothite-bornite boundaries are continuous with the chalco- 
cite-bornite boundaries, it seems clear that the chalcocite is later 
than klaprothite and formed at its expense. The klaprothite is 
probably later than the bornite as in the Butte specimens described 
later on. 

In Fig. 1 there are occasional spots of typical bornite-chalcocite 
intergrowths, and Fig. 2 is a highly magnified view of an inter- 
growth in the same section. These seem to be independent of 
the klaprothite except that perhaps the bornite-klaprothite con- 
tacts afford easy access for solutions. The alterations described 
have been brought about by ascending solutions, the final stage 
being chalcocite of the first generation. A second generation of 
chalcocite often occurs along these veinlets where they cross the 
bornite. The veinlets and accompanying chalcocite were prob- 
ably formed by descending solutions. 

In the Mountain Lake ores klaprothite is intermediate in age 
between bornite and chalcocite and hence there is definite evi- 
dence that bornite and chalcocite are not contemporaneous. 
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BUTTE, MONTANA. 


Figs. 3 and 4 (Plate XXIII.) are photomicrographs of a 
polished section made from a specimen of Butte or kindly pre- 
sented to me some years ago by Mrs. Mattie Orem Joy. It is not 
known what mine furnished this specimen, but it is typical of the 
deep-seated high-grade ore and contains pyrite, bornite, klapro- 
thite, chalcopyrite, and chalcocite. 

In Fig. 3 there is what would ordinarily be considered a typical 
graphic intergrowth of bornite and chalcocite. A careful study 
of this section, however, convinces me that the chalcocite here is 
a replacement of klaprothite, for various stages of the process 
may be traced. Fig. 4 represents the early stage with klaprothite 
dominant, while Fig. 3 represents practically the final stage with 
nearly all the klaprothite replaced by chalcocite. A study of the 
polished section which furnished Figs. 3 and 4 shows that the 
bornite-klaprothite boundaries are everywhere continuous with 
the bornite-chalcocite boundaries. The irregular klaprothite dis- 
tribution accounts for the irregular chalcocite distribution. 

There is next to be considered the relation of the klaprothite 
to the bornite. Fig. 4 suggests the contemporaneity of the bor- 
nite and klaprothite, but detailed study indicates that the klap- 
rothite is formed by the irregutar replacement of bornite. If 
klaprothite is formed from bornite and chalcocite from klapro- 
thite, bornite and chalcocite are not contemporaneous. In this 
particular specimen, then, the apparent intergrowth of bornite 
and chalcocite is simply due to inherited structure from an earlier 
period. 

Other specimens from Butte show what Tolman has called the - 
“ice-cake” structure (see Figs. 7 and 11 ‘for typical examples). 
This structure is undoubtedly due to the irregular replacement of 
bornite by chalcocite but there are all possible gradations between 
typical “ice-cake” patterns and the so-called graphic inter- 
growths, which suggests that the intergrowth is simply a very 
irregular replacement structure. 


8 Tolman, Bull. A. I. M. E. 
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ENGELS MINE, PLUMAS COUNTY, CALIFORNIA. 


The so-called graphic intergrowth of bornite and chalcocite 
was described from this locality by the writer? and the opinion 
was expressed that the intergrowth is the result of a peculiar 
“breakdown” of bornite into chalcocite. A more careful study 
confirms this opinion. 

The so-called intergrowths have been found in two different 
specimens, represented by figs. 5 and 6 respectively. Fig. 5 shows 
an irregular bornite-chalcocite relation usually interpreted as a 
graphic intergrowth. The spot represented by this figure is the 
only one in the whole section which shows typical graphic struc- 
ture. Elsewhere in the section there is exhibited a complicated 
type of replacement of magmatic bornite by covellite, chalcocite, 
chlorite, and sericite brought about by ascending solutions. A 
small area of bornite has been partially replaced by irregular 
splotches of chalcocite and by lath-shaped crystals of covellite 
along crystallographic directions of the bornite. Ata later stage 
chlorite and sericite penetrated all the sulphides. This is the type 
described and figured in my earlier papers.*® Fig. 5 furnishes 
absolute proof that the so-called graphic intergrowth may be 
formed at a late stage as the result of the breakdown of bornite. 

Fig. 6 represents another type of the bornite-chalcocite aggre- 
gate. There are aJl gradations between spots of bornite and 
those of chalcocite and also gradations between replacements of 
bornite by chalcocite and the so-called intergrowths. A study of 
the latter by means of an oil-immersion lens shows the bornite 
distinctly cut in places by chalcocite. This is white hypogene 
chalcocite and not the bluish supergene chalcocite which is some- 
times found in these specimens in veinlets and along the borders 
of chlorite and sericite. 

The bornite in the Engels ore is undoubtedly a magmatic min- 
eral. If the chalcocite and bornite are simultaneous it makes 
the chalcocite a magmatic mineral. This is very improbable and 
there is every reason to believe that chalcocite is a comparatively 
low temperature mineral even when formed by ascending solu- 
tions. 
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EXPLANATION OF PLATE XXIV. 


Fic. 5. Magmatic bornite (b) altered to chalcocite (cc), covellite (cv), 
and chalcopyrite of the second generation (cp2). Engel’s Mine, Plumas 
Cal. 

Fic. 6. So-called graphic intergrowth of bornite (b) and chalcocite (cc). 
Engel’s Mine, Plumas Co., Cal. 

Fic. 7. The so-called graphic intergrowth of bornite (b)-and chalcocite 
(cc). Virgiliana district, Va—N.C. Photographed by Dr. F. B. Laney. 

Fic. 8. Bornite (b), chalcocite (cc) aggregate formed by the irregular 
replacement of bornite by chalcocite. Virgiliana District, Va—N. C. Pho- 
tographed by Dr. F. B. Laney. 
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VIRGILINA DISTRICT. 

The writer has examined specimens from two mines in this 
district, viz.: the Person Consolidated (formerly the Durgy) 
mine and the Blue Wing mine. These specimens were kindly 
given to me by Professor T. L. Watson, of the University of 
Virginia, and by the California State Mining Bureau respectively. 
I am also indebted to Dr. F. B. Laney, of the U. S. Geological 
Survey, for some photomicrographs of polished sections from the 
Wall, High Hill, and Person Consolidated mines. 

Figs. 7 and 8 illustrate the typical relations of the bornite and 
chalcocite in the Virgilina ores. The graphic intergrowths, as 
usual, are only found in occasional spots as shown in Fig. 7. 
Most of the bornite occurs with chalcocite in the “ice-cake” 
structure, but this approaches, and grades into, typical graphic 
intergrowths. They are entirely similar in origin. A careful 
study of Fig. 7 shows areas of bornite which have been cut off 
from the main mass of bornite by chalcocite. All stages of the 
process of detachment may be found. This constitutes proof of 
the replacement of bornite by chalcocite. A close inspection of 
Fig. 8 will also show bornite areas severed by chalcocite. Ac- 
cording to the simultaneous crystallization hypothesis one would 
expect to find constant proportions of the two minerals only in 
the intergrowths, yet in some areas we have fairly definite pro- 
portions produced by replacement. 

Polished sections of ores from the Person Consolidated mine 
show minute specks of klaprothite or a klaprothite-like mineral 
within bornite. Klaprothite may have been present in fair 
amounts at an earlier stage. 


SEVEN DEVILS DISTRICT, IDAHO. 

Fig. 9 is a photograph of a polished section from a contact- 
metamorphic deposit on the Snake River, four miles north of 
Homestead, Seven Devils district, Idaho, for which I am indebted 
to Mr. E. Call Brown. The elongated crystals with high relief 
are hematite. The bornite occurs with the chalcocite in irregular 
areas fairly uniformly distributed over the section. 
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EXPLANATION OF PLATE XXV. 


Fic. 9. So-called graphic intergrowth of bornite (b) and chalcocite (cc) 
with residual hematite (4). Seven Devils District, Idaho. 

Fic. 10. Highly magnified view of a spot in the specimen of Fig. 9 showing 
late hypogene chalcopyrite (cp) developed points of bornite (b). = hema- 
tite. Seven Devils District, Idaho. 

Fic. 11. Irregular replacement of bornite (b) by chalcocite first genera- 
tion (cc!) and cut by veinlets of chalcocite of the second generation (cc?). 
Surprise Creek, Plumas Co., Cal. 

Fic. 12. So-called graphic intergrowth of bornite (b) and chalcocite (cc). 
Surprise Creek, Plumas Co., Cal. : 
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A high-power magnification (fig. 10) shows minute specks of 
chalcopyrite between opposite points of bornite. It is significant 
that the chalcopyrite practically always occurs at these points 
and along the borders of the bornite and chalcocite and very 
rarely within the bornite. This kind of chalcopyrite we have 
found at many localities (Bonanza mine, Alaska; Bingham, Utah; 
Engels mine, California; Sierra Oscura, New Mexico) and is 
invariably found with chalcocite which has been formed by the 
breakdown of bornite. The alteration of bornite usually results 
in the formation of chalcocite and the consequent elimination of 
iron, but occasionally the local excess of iron results in the for- 
mation of chalcopyrite. Chalcocite of a second generation occurs 
along veinlets in this ore but the chalcopyrite is probably hypogene 
as it has no relation to the veinlets. The occurrence of late hypo- 
gene chalcopyrite in close association with the chalcocite is con- 
sidered proof that the so-called intergrowth is the result of the 
irregular replacement of bornite by chalcocite. 

Massive chalcocite from the National Copper Mining Com- 
pany’s mine at Cupron, Idaho, kindly presented to me by Mr. 
Edward Schwerd, shows in spots irregular areas of bornite and 
occasionally the so-called graphic intergrowths. A few small 
specks of klaprothite were observed at one place in the section. 


SURPRISE CREEK, PLUMAS COUNTY, CALIFORNIA. 

I am indebted to Mr. H. E. Bush for specimens of bornite- 
chalcocite ore from a prospect at this locality. Fig. 11 shows the 
relation between the bornite and chalcocite. This typical “ ice- 
cake” structure grades into typical graphic intergrowths such as 
Fig. 12. The lower part of Fig. 11 approaches the graphic inter- 
growth. Certain parts of Fig. 11 clearly show small areas of 
bornite which have become detached from the larger areas. A 
second generation of chalcocite, probably supergene, occurs in vein- 
lets, (see the left center of the figure), but the production of this 
is entirely independent of the detachment of the small bornite 
areas. Fig. 12 is a highly magnified view of so-called graphic 
intergrowths in the specimen from Surprise Creek. 
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EISERFELD, WESTPHALIA. 


Polished sections of chalcocite from this locality show irregular 
areas of bornite and in spots typical graphic intergrowths of bor- 
nite and chalcocite. Klaprothite is also a prominent mineral in 
the sections. The relation of the klaprothite to the bornite is not 
known but the chalcocite is largely an irregular replacement of 
bornite. 

OTHER LOCALITIES. 


Bornite-chalcocite intergrowths have been described from two 
additional localities, Mt. Lyell, Tasmania, and the Bevelheymer 
mine, Nevada. 


THE NATURE AND SIGNIFICANCE OF THE SO-CALLED BORNITE- 
CHALCOCITE INTERGROWTH. 


That the chalcocite of the so-called intergrowth is due to the 
direct replacement of bornite or to the replacement. of intermedi- 
ate minerals such as klaprothite contained within bornite seems 
certain from the microscopic data. It represents a very irreg- 
ular replacement produced rather locally under certain conditions. 
Figs. 2, 6, 7, and 12 show its local development in spots. We 
know from geological evidence that replacement on a megascopic 
scale is often very irregular, but it is probably never as intricate 
as the so-called bornite-chalcocite intergrowth. 

Whatever the cause of the graphic intergrowth may be, it is 
believed to have been produced by ascending solutions. This was 
recognized from the first for Laney, as well as Graton and 
Murdoch, assigns a “ primary’ origin to it. Its “primary” or 
more accurately its hypogene origin, however, was based en- 
tirely upon its supposed contemporaneity with bornite. Even 
though not contemporaneous with bornite there is every reason to 
believe that the chalcocite is a hypogene mineral. In support of 
this view are the following arguments: (1) In many copper ores 
there are two generations of chalcocite and the chalcocite of the 
intergrowth belongs to the earlier generation. The simplest ex- 


9“ Primary” is used here in the geological sense. 
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planation is that chalcocite of the first generation was formed by 
ascending solutions and chalcocite of the second generation by 
descending solutions. These two kinds of chalcocite may usually 
be recognized by differences in replacement structures as has been 
brought out by the writer. (2) Sericite is often later than the 
chalcocite of the first generation. In the Virgilina district of 
North Carolina and Virginia and at the Engels mine, Plumas 
county, California, sericite is distinctly later than the first genera- 
tion of chalcocite to which the chalcocite of the intergrowth be- 
longs. Sericite is probably always a hypogene mineral’® and if 
this is true the graphic intergrowth is the product of ascending 
solutions. (3) According to the geological work of Sales’ the 
deep-seated chalcocite at Butte is “primary” in origin, i. ¢., 
formed by ascending solutions. The so-called graphic inter- 
growth is characteristic of the deep-seated Butte ores as was first 
brought out by Graton and Murdoch.” 


CONCLUSIONS. 


1. The so-called graphic intergrowth of bornite and chalcocite 
is the result of a local, very irregular replacement of bornite by 
chalcocite or is the result of the replacement of such minerals as 
klaprothite which in turn had replaced bornite at an earlier stage. 

2. This irregular replacement is the result of ascending solu- 
tions, and is probably brought about by a decrease in the temper- 
ature as well as by a change in the character of the solutions. 

STANForD UNIverRsitTy, CALIFORNIA. 


10 Rogers, Econ. Geor., Vol. XI, p. 118. 
11 Sales, T., A. I. M. E. 
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DISCUSSION 


This department has been established by the editors in order to afford te 
those interested in questions relating to economic geology an opportunity for 
informal discussion. Contributions are cordially invited either in the form 
of discussion of more formal papers appearing in earlier numbers or bearing 
upon matters not previously treated. Letters should be directed to the Editor, 
Sheffield Scientific School of Yale University, New Haven, Conn. The full 
name of the author should be attached to all communications. 


Sir: J. Edward Spurr has called my attention to the fact that 
I had identified the “chloritic material” of Missouri as glauco- 
nite in a communication to Economic GeoLocy, Vol. X., No. 5, 
on page 474. I wish to take this opportunity to call attention to 
the fact that Mr. Spurr was the first to correctly determine this 
material. C. Ross. 


COPPER IN THE RED BEDS OF NEW MEXICO. 


Sir: In his interesting article on the Origin of Copper Ores of 
the “ Red Beds” type in Economrc Gro ocy, June, 1916, Pro- 
fessor Rogers, by what appears to be a clerical error, makes the 
statement (p. 317) that I regard these ores as having been 
formed Jater than the main faults. As may be seen by referring 
to my original paper or to that of S. F. Emmons,’ the word later 
should read earlier. Graton? states my views rather more clearly 
than I did myself, as follows: 


On the ground of association of organic material and of distribution 
in layers corresponding to stratified beds, Turner concluded that the 
copper was deposited from the waters which laid down the sediments, 
and that subsequent faulting has cut the cupriferous formations into 
blocks whose edges are exposed along the three ridges mentioned. The 
writer is of the belief, on the other hand, that the main faults antedated 
the deposition of the copper. 


1S. F. Emmons, Bull. 260, U. S. G. S., p. 226. 
2L. C. Graton, Prof. Paper No. 68, U. S. G. S., p. 203. 
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In my brief and rather general paper* I note that along certain 
fault fissures on the property of the Estey Mining & Milling Co., 
there are deposits of chalcopyrite. This is certainly true and a 
this chalcopyrite is later than the faults referred to, but these ee 
faults are of minor displacement and probably much later than’ 
the main faults which are referred to in the quotation from 
Graton. These larger faults were not actually traced and dem- 
onstrated but were assumed inasmuch as the cupriferous layers 
apparently occupied a definite geological horizon underlain by 
Upper Carboniferous limestone, and overlain by red arkose sand- 
stones, and the same succession is to be noted in the three ridges 
of different trend that contain the deposits in question; these low 
ridges apparently having at one time formed a continuous series 
of beds. 

In my paper, on page 680, I make the statement that some of 
the arkose sandstone contains little pebbles of iron oxide, in part 
magnetic which must have been derived from an older iron de- 
posit, since the arkose is fresh and the pellets in question are quite 
as surely pebbles as any other rounded grains in the arkose. The 
presence of these proofs of ore deposits older than the cupriferous 
beds, even though the deposits were merely iron ore, has some 
bearing on the question of the origin of the copper, inasmuch as 
they show, if authentic, that ore deposits of greater age than the 
copper deposits described by Professor Rogers, did exist in the 
region and their erosion contributed to the formation of Red 
Beds. The fact that the sandstones of the Sierra Oscura are 
made up of granitic detritus, is surely evidence that igneous rocks 
of deep seated type existed in the area before the Red Beds were 
deposited and in that case it is more likely than otherwise that 
ore deposits also existed. 

So keen and experienced an investigator as Professor Lindgren 
is inclined to believe that the evidence is in favor of a syngenetic 
origin for the Mansfeld copper bed in Germany. Surely if 
there is one such deposit, there may be more. Now let us sup- 
pose that the Sierra Oscura deposits were also syngenetic, the 


3 Trans. A. I. M. E., Vol. 33, p. 678. 
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copper coming from deposits in the land surrounding the basin 
and the abundant vegetable matter or its decomposition products 
serving as a precipitant; also that the copper was deposited in 
more or less definite layers. 

The beds are subsequently elevated and exposed to meteoric 
waters, which infiltrating through the cupriferous layers dissolve 
the copper salts and any pyrite present and the salts so dissolved 
recrystallize resulting in a more or less complete re-arrangement 
of the metal combinations, the details of which are well described 
by Professor Rogers. 

At the time of my visit to the Sierra Oscura (about 1902) 
I saw several ore-shipments certificates of the El Paso smelter of 
selected ore from the beds in question, showing in car load lots 
an average content of about Io per cent. copper and one ounce of 
silver per ton. Such ore was undoubtedly due to concentration 
whatever the origin of the beds. Indeed, Professor Lindgren* 
thinks that the Sierra Oscura copper was originally disseminated 
through the sediments but afterwards concentrated by meteoric 
waters and in this sense epigenetic as does also Professor 
Rogers. But is there any reason from the metallographic inves- 
tigations why the deposits should not have been laid down in a 
concentrated form, instead of being disseminated ? 

If the copper-bearing layers are syngenetic or essentially so, 
replacement of plant remains could have taken place at the time 
of formation and meteoric waters percolating along the cuprifer- 
ous layers, may have merely re-arranged the copper salts without 
transferring the metallic contents any great distance, as is the 
case with iron and any copper with it in the gossans of pyritic 
lenses where the iron is transferred from its original position in 
grains of pyrite, a distance measurable in feet before it is re- 
deposited as limonite. In other words do the replacements and 
order of succession of the minerals in the Sierra Oscura and simi- 
lar deposits, prove that the chief concentration of the copper into 
more or less definite layers was not syngenetic? 


4 Waldemar Lindgren, Economic Grotocy, Vol. 6, p. 576, and “ Mineral 
Deposits,” p. 375. 
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That both pyrite and marcasite.can be formed under surface 
conditions is stated by both Professor Lindgren® and Professor 
Rogers and has been in fact known since the time of Bischof.® 

If iron sulphides can be formed under surface conditions, why 
not copper sulphides? While admitting that the points brought 
up in this discussion do not prove the existence of syngenetic 
copper deposits, a study of the extensive literature on the subject 
warrants the conclusion that the last word has not been said on 
the subject. 

It would seem to me that too little stress is placed on broad 
geological features in the investigation of ore deposits. The 
fact that Red Beds largely of Permian or Triassic age in many 
parts of the world do contain abnormal amounts of copper and 
that these beds are unmetamorphosed and not associated with ig- 
neous rocks, goes to show that certain shallow basins in those 
geologic times contained more copper than is normal with sea- 
water and that this copper was precipitated with the enclosing 
sediments, together with mechanical detritus from copper de- 
posits. In this time of popularity of magmatic waters as the 
source of all metal deposits, these suggestions will no doubt meet 
with little sympathy. 

A somewhat similar example of the association of a metal 
with particular geologic horizons is the well known occurrence 
of limonite in the Clinton horizon of the Silurian in the Appa- 
lachians. Whether deposited as commercial ore as we now find 
it in more or less definite layers or whether the iron was dis- 
seminated through the sediments and subsequently concentrated 
by surface waters, the fact remains that iron is present in this 
horizon in abnormal amount and the deposits have no apparent 
connection with metamorphism or igneous intrusions. 

5 Lindgren, “ Mineral Deposits,” p. 232. 

6 Bischof, “ Lehr. d. chem. u. Physik. Geologie,” 1847, Band L., p. 925. 


Palla, “ Recente Bildung von Markasit im Moore von Marienbad,” Neues 
Jahrb., 1887, Bd. 2. 


H. W. Turner. 
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REVIEWS 


The Mining World Index of Current Literature. Vol. VIII, Last Half 
Year, 1915, by Geo. E. Ststey, Associate Editor of Mining and Engi- 
neering World. xxv-+ 220 pp. Mining World Company, Monadnock 
Block, Chicago, 1915. 

This is an international bibliography of mining and the mining sciences 
compiled and revised semi-annually from the index of the world’s current 
literature appearing weekly in the Mining and Engineering World. It 
is arranged by subjects, which for many purposes is the most convenient 
arrangement of a bibliography. To obviate the inherent defects of such 
an arrangement (no arrangement of bibliographic entries can be free 
from defects), a table of contents, which shows the well-considered 
classification adopted, immediately follows the preface, and following the 
bibliography are two alphabetic lists, first of authors and second of sub- 
jects. The field covered is shown by the list of publications indexed, 
embracing some 400 periodicals and publications of institutions and gov- 
ernment bureaus. Each entry in the bibliography gives first the author, 
then the title of the paper, translated, if foreign, usually with a brief 
synopsis of its content, the publication in which it appears, with refer- 
ence to the number, page, etc., so as to be readily found, length of 
article in pages, and price at which it can be supplied. 

In some places the citation of the Mineral Resources of the United 
States may be puzzling because 11 has been printed instead of II. To 
the reviewer it would seem to give the year in the citation of the Mineral 
Resources as well as in the title of the paper. To all who need to refer 
to the literature of mining (and who in that line of work does not?) 
these semi-annual indexes are indispensable. 

J. M. Nicx.es. 


Geology, Physical and Historical By HrerpmMan FitzGERALp, CLELAND, 
Ph.D. Amer. Book Co., New York, 718 pp., 588 pages. Price $3.50. 
This new book is an elementary text for beginners in general geology 

who have but a slight acquaintance with physics and chemistry. It dif- 

fers from most other texts in attempting no separate treatment of physi- 
ography, or geomorphology. Wherever geological processes are dis- 
cussed their physiographic affects are described and the consequent land 
forms are named. Thus the volume serves as a joint text in geology 
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and physical geography, covering the two subjects in a way that affords 
an excellent foundation upon which more advanced courses in either 
subject may be based. 

The book is modern. It outlines briefly the modern theories that have 
been proposed to account for the origin of the earth, the occurrence of 
glacial periods, the production of mountains, the eruption of volcanoes, 
etc., and states fairly the arguments for and against them, and in a 
manner that can be easily understood by the beginning student. In a 
few of the discussions, however, there are lapses that should be remedied 
in future editions. For instance, in discussing the character of the 
earth’s interior, no mention is made of the evidence furnished by the 
transmission through it of earthquake waves. Again, here and there, 
are inferred contradictions in the author’s logic. Thus, after outlining 
the theories of the physical state of the earth’s interior, the author de- 
clares that any theory which is in accord with the known facts must 
hold, among other things, that the “temperature of the interior is in- 
tensely hot, perhaps 20,000° C. at the center, or even higher,” and this 
declaration is made without qualification after stating that Strutt esti- 
mates temperature of the earth below a depth of forty-five miles at about 
1500° C. Further, in some cases, the attempt at brevity is responsible 
for statements that are apt to lead to mistaken notions on the part of the 
reader. Regional metamorphism, for instance, is said to be the result 
of great lateral pressure which may “produce sufficient heat to re- 
crystallize the rocks affected,” and the direct cause of metamorphism in 
folded regions to be “the heat resulting from the rock-mashing pro- 
duced by pressure.” 

In spite of these defects in detail the book is an excellent one. It is 
comprehensive and well proportioned. It is beautifully printed and 
handsomely illustrated by many finely executed pictures, some of which 
are unusual and all of which are pertinent to the text. At the end of 
each chapter is a classified list of articles to which the student is referred 
for supplementary reading. These, perhaps, are not always the best for 
the purpose, but they are the most easily obtainable. 

The discussion of historical geology is particularly pleasing. The 
text is not overloaded with the names of fossil forms, but all the larger 
groups of extinct animals and plants are well characterized. The de- 
velopment of life on the earth and the evolution of families are pre- 
sented in sufficient detail to be understandable and interesting to the 
reader. 

The order of treatment of the subject matter is somewhat unusual. 
The book is divided into two parts. Physical and Historical Geology, 
and the order in the first part is: Weathering, Work of Wind, Work of 
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Ground Water, Work of Streams, Work of Glaciers, The Ocean and its 
Work, The Structure of the Earth, Earthquakes and Igneous Intrusions, 
Metamorphism, Mountains and Plateaus and Ore Deposits. The rocks 
are described in connection with the forces producing them and the few 
minerals which it is thought desirable for the student to become familiar 
with are described in an appendix of seven pages. 


W. S. BayLey. 
University oF ILLINOIS, 
May 18, 1916. 


SCIENTIFIC NOTES AND NEWS 


Pore YEATMAN AND EpwiIn S. Berry have opened offices at 
111 Broadway, New York, and will take up nip work 
as consulting engineers. 


H. G. Fercuson, of the U. S. Geological Survey, has been 
gathering material for a geological folio at Mogollon, N. M. 


THE West VIRGINIA GEOLOGICAL SURVEY has just issued a 
Detailed Survey of Raleigh County, Summers County west of 
New River, and the Coal Area of Mercer County. Compre- 
hensive topographic and geologic maps accompany the text. 


B. S. BUTLER is investigating the Cottonwood district of Utah 
for the U. S. Geological Survey. 


J. W. Fincu has gone to China for a large exploration com- 
pany. He will be gone about a year. 
Van H. Manninc, of the U. S. Bureau of Mines, is visiting 


western mining centers in connection with proposed experiment 
stations. 


Garrett A. MUILENBURG has been elected instructor in geol- 
ogy and mineralogy at the Missouri School of Mines to succeed 
D. H. Radcliff. 


a 


